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My research is focused on advancing understanding of the genomes of two
important and distantly related conifer species, loblolly pine (Pinus taeda L.) and bald
cypress (Taxodium distichum (L.) Rich. var. distichum).

Loblolly pine is the most

commercially important tree crop in the United States, the major source of pulpwood for
paper manufacturing, a source of quality lumber, a prime bioenergy feedstock, and an
important part of the ecosystem of the southeastern U.S. Bald cypress is the dominant
tree species in the aptly named “cypress swamps” of the South. Its ecological importance
to the wetlands of the southern U.S. is immeasurable. Moreover, bald cypress is a
popular ornamental due to its attractive appearance and extreme resistance to pests,
pathogens, and weather.
Maintaining the security and productiveness of these important crop/forest species
in the face of new pest, pathogen and environmental threats will require a better
understanding of their genes and the structures of their genomes. We have conducted a
study of loblolly pine and bald cypress in which Cot analysis and DNA sequencing of
Cot-filtered DNA were utilized to study genome structure. Cot analysis revealed that

loblolly pine and bald cypress genomes are each composed of three major kinetic
components which we have deemed highly repetitive (HR), moderately repetitive (MR),
and single/low copy (SL). In loblolly pine, the HR, MR, and SL components account for
57, 24, and 10%, of genomic DNA, respectively. Of note, 2.71 % of random genomic
sequences (i.e., 580 Mb, an amount roughly three times that of the Arabidopsis genome)
show significant (bit score  60) homology to mRNA sequences. This result suggests that
the loblolly pine genome contains many genes or pseudogenes, and/or gene duplications.
In bald cypress, the HR, MR, and SL components account for 52, 38, and 4%, of genomic
DNA, respectively. Sample sequencing was performed only on the HR component of
bald cypress; sequence analysis shows only 0.81% of HR sequence reads with homology
to mRNA sequences. My research provides insight into the evolution of these distant
conifers and key sequence data that should greatly facilitate ongoing molecular breeding
programs.

Key words: genome, loblolly pine, bald cypress, Cot analysis, DNA sequencing
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CHAPTER 1
OVERVIEW

GYMNOSPERMS
Extant seed plants (Superdivision Spermatophyta) have traditionally been divided
into two groups – the gymnosperms and the angiosperms (flowering plants). The name
gymnosperm means “naked seed” as, unlike flowering plants, gymnosperm seeds are not
enclosed within a carpel. Extant gymnosperms are placed in four divisions – specifically
Cycadophyta (cycads), Ginkgophyta (ginkgos), Pinophyta (conifers), and Gnetophyta
(gnetophytes) (Figure 1.1). Angiosperms are found in the fifth seed plant division,
Magnoliophyta. The gymnosperms appear to have originated roughly 360 million years
ago (MYA) and emerged as the dominant type of land plant by 290 MYA.
Gymnosperms maintained undisputed botanical dominance of the terrestrial biosphere
until roughly 130 MYA when the angiosperms (flowering plants), which diverged from a
gymnosperm progenitor(s) 300 MYA (Bowe et al., 2000), underwent massive adaptive
radiation. Today there are approximately 250,000 extant angiosperm species (Kenrick,
1999) while gymnosperms are represented by only 947 species (Earle, 2007). However,
the coniferous gymnosperms have maintained a prominent position in the world’s
ecosystems. They are arguably the largest and longest-lived organisms on the planet,
they are foundation species in many of the world’s temperate and boreal forest
ecosystems, and in woodland and forest regions they are at least as successful as
1

angiosperms in terms of biomass, net carbon sequestration, and general conspicuousness
(Earle, 2007).
There has been some controversy as to whether gymnosperms are a monophyletic
subgroup of the spermatophytes. Some studies suggested that gymnosperms are
paraphyletic with gnetophytes and angiosperms representing sister taxa (Doyle and
Donoghue, 1992; Crane, 1985; Price, 1996, Stefanovic et al., 1998) whereas others
indicate that gymnosperms are a natural clade (Goremykin et al., 1996; Chaw et al., 1997;
Bowe and DePamphilis, 1997).

Recent molecular evidence strongly indicates that

gymnosperms are truly monophyletic and suggests that the “angiosperm-like”
characteristics of the gnetophytes have arisen through convergent evolution (Winter et
al., 1999; Bowe et al., 2000; Frohlich and Chase, 2007).
All gymnosperms are woody trees, shrubs, or lianas. There are no true aquatic
species (Cook et al., 1974), only five epiphytic species (Benzing, 1990), and only one
known parasitic species (Feild and Brodribb, 2005). With the exception of the cycads
and some gnetophytes, gymnosperms are wind pollinated (Judd et al., 1999).
Gymnosperms have relatively large genomes. The smallest gymnosperm genome
belongs to the gnetophyte Gnetum ula (2205 Mb) while the largest genome belongs to
Pinus ayacahuite (35,280 Mb) (Murray et al., 2004). This 16-fold range in genome size
(from 0.7 to 11.2 times the size of the human genome) may initially appear extreme, yet
it is almost two orders of magnitude less than the observed variation (1274-fold) in
genome size among angiosperms (Bennett and Leitch, 2003). Moreover, the 4.7-fold
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Figure 1.1 Phylogeny of gymnosperms (Based on Earle, 2007).
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Welwitschiaceae

variation in chromosome number in gymnosperms (1C = 7 to 33) (Murray et al., 2004) is
rather modest compared to the 99.3-fold variation in chromosome number observed in
angiosperms (1C = 3 to 298) (Bennett and Leitch, 2003).

CONIFERS
The conifers (Division Pinophyta) are the largest and most ecologically and
economically important group of gymnosperms.

They are characterized by having

staminate or pollen producing cones; most also bear ovulate or seed producing cones
(Earle, 2007). Extant conifers consist of 8 families, 60-65 genera, and over 600 species
(Figure 1.1). Over 90% of conifer species are found in four families; Cupressaceae
(cypresses, redwoods, sequoias, bald cypress, cedars, junipers), Pinaceae (pines, spruces,
cedars, firs, Douglas fir, hemlocks, larches), Podocarpaceae (podocarps), and Taxaceae
(yews).
Conifer genomes are typically three to ten times larger than the human genome
with an average genome size of 23 Gb.

The majority of species have 11 or 12

chromosome pairs per somatic cell (2n=2x=22 or 24). Few conifers appear to be recent
polyploids; exceptions include Sequoia sempervirens which is a hexaploid (2n = 6x = 66)
(Khoshoo, 1959; Stebbins, 1948) and Juniperus chinensis pfitzerriana which is a
tetraploid (2n = 4x = 44) (Khoshoo, 1961). The endosperm of gymnosperm species is
normally haploid as double fertilization does not occur in conifers. However, some
Cupressus, Juniperus, and Thuja species have polyploid endosperm (Pichot and El
Maataoui, 1997) apparently due to endoreduplication and/or endomitosis (Nagl, 1995).

4

The genomes Pinus, Abies, and Cedrus species show no signs of polyploidy (Pichot and
El Maataoui, 1997).

LOBLOLLYPINE
Loblolly pine (Pinus taeda L.) is the most commercially important tree crop in
America and the most economically important crop of any kind in the southeastern U.S.
(Figure 1.2) (Schultz, 1997). It is the major source of pulpwood for paper manufacturing
and quality lumber, and bioenergy feedstock. Moreover, it is a very important part of the
ecosystem (Baker and Langdon, 1990). The vast loblolly pine forests play a great role in
sequestering the greenhouse gas carbon dioxide (Gough and Seiler, 2004) and
lignocellulosic biomass from loblolly pine may also be a potential resource for
production of ethanol (Frederick et al., 2008). Loblolly pine grows naturally in fifteen
southern and mid-Atlantic states from central Florida, northward to Delaware and New
Jersey, and westward to east Texas of the dominant forest species occupying 13.4 million
ha (45%) of commercial forest land in the southern United States (between latitudes 28°N
and 39°N, and longitudes 75°W and 97°W) (Schultz, 1999) and has been commercially
cultivated in many countries of the world including those in North, South America,
Europe, and Asia.
Like most conifers, loblolly pine has a large genome (21.7 Gb; Wakayama et al.,
1993; O’Brien et al., 1996) with 12 pairs of chromosome (2n = 2x = 24) (Dorman, 1976).
Some initial studies suggest that the loblolly pine genome is composed mostly of highly
repetitive DNA with a highly duplicated organization (Kinlaw and Neale, 1997). Of note,
repeats of low sequence complexity, minisatellite, and telomere-like sequences appear to
5

be relatively abundant (Schmidt et al., 2000). Several genetic linkage maps have been
constructed for loblolly pine using restriction fragment length polymorphisms (RFLPs)
(Devey et al., 1994; Groover et al., 1994; Sewell et al., 1999), amplified fragment length
polymorphism (AFLP) (Remington et al., 1998; Brown et al., 2003), expressed sequence
tag polymorphisms (ESTPs) (Temesgen et al., 2001), and microsatellite markers
(Liewlaksaneeyanamin et al., 2004). The comparative map of loblolly pine and Douglas
fir (Pseudotsuga menziesii [Mirb.] was also constructed based on orthologous ESTP and
RFLP markers (Krutovsky et al., 2004; Brown et al., 2001 and 2003.). However, the
existing genetic maps of loblolly pine are not dense enough to provide the basic genetic
information that can be used in molecular breeding programs.
EST sequencing in loblolly pine is fairly advanced with 108,510 EST entries in
GenBank (NCBI, 2008). ESTs libraries have been prepared from wood-forming tissues
(Kirst et al., 2003), roots exposed to drought stress (Gonzalez-Matinez et al., 2006),
embryos (Cairney, 2006), and needles.
Bacterial artificial chromosome (BAC) libraries are extremely important
molecular tools in physical mapping, gene isolation, and genome sequencing (Peterson,
2000; Zhang and Wu, 2001). Recently, an 8X loblolly pine BAC library was constructed
by the Mississippi Genome Exploration Laboratory.

With 1.8 million individually

archived clones the loblolly pine BAC library is the largest BAC library ever made
(Magbanua et al., in preparation; also see www.mgel.msstate.edu/apg.htm).
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Figure 1.2 Loblolly pine (Pinus taeda L.).
Notes: Left, loblolly pine trees. Right top, a green loblolly pine female
cone; right bottom, open loblolly pine female cones.
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BALDCYPRESS
Bald cypress (Taxodium distichum (L.) Rich var. distichum), a representative of
the conifer family Cupressaceae, is a tree of tremendous ecological importance and
ornamental value. In the southern U.S., bald cypress is the predominant tree species in
the aptly named “cypress swamps” where it serves as a source of food and shelter for
numerous and sundry organisms. Bald cypress wood is extremely resistant to wind,
water, pathogens, and pests, something that perhaps is not surprising when one considers
that individual trees may spend their entire life (sometimes > 1000 years) partially
submerged in water. The highly durable wood of bald cypress is used in construction of
boats, docks, bridges, and roofing shingles (Wilhite and Toliver, 1990), although the
tree’s relatively slow growth-rate has limited its use as a wood crop. Unlike most
conifers, bald cypress is deciduous with leaves that change from light green to brown in
the fall. Its attractive appearance and hardiness have made it a popular ornamental
throughout the eastern U.S. (Figure 1.3)
The genus Taxodium consists of one to three extant species, depending upon
taxonomic preference. The most conservative treatment places all trees in a single
species (T. distichum) with three varieties; specifically bald cypress (T. distichum (L.)
Rich var. distichum), pond cypress (T. distichum var. imbricarium (Nutt.) Croom) and
Montezuma bald cypress (T. distichum var. mexicanum Gordon). While placement of the
varieties into a single species is phylogenetically warranted (Watson, 1986; Tsumura et
al., 1999; Lickey and Walker, 2002), but sociological reasons have kept the old multi-
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species nomenclature in place (e.g., Montezuma bald cypress, also known as T.
mucronatum, is the national tree of Mexico) (Earle et al., 2007).
The bald cypress genome size is 9.75 Gb (Hizumi et al., 2001) which places it
amongst the smallest of conifer genomes (Murray et al., 2004). It possesses 22 (2n = 2x
= 22; Stebbins, 1948) chromosomes and is a diploid like most members of the
Cupressaceae (Sax and Sax, 1933; Khoshoo, 1961; Khoshoo, 1959; Stebbins, 1948).
In the Cupressaceae, genetic mapping largely has focused on Cryptomeria
japonica using EST (Ujino-Ihara et al., 2000), RFLP, RAPD, and isozyme markers
(Mukai et al., 1995). Because of limited numbers of genetic markers, these genetic maps
cover only a small part of the entire genome. Bald cypress has not been the subject of
molecular mapping and/or EST sequencing.

At present (18-Oct-08), there are 794

Taxodium sequence entries (excluding chloroplast and mitochondrial sequences) of
which 743 are genome survey sequences produced as part of my dissertation research.
The longest continuous piece of Taxodium genomic DNA in GenBank is a 4,225 bp
putative calmodulin gene (accession number AB211840).
Recently, a 7X BAC library for bald cypress was constructed at the Mississippi
Genome Exploration Laboratory (see www.mgel.msstate.edu for details). This library,
which consists of 575,413 individually-archived clones, will be utilized in conjunction
with the loblolly pine BAC library to investigate the evolution of conifer genomes.
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Figure 1.3 Bald cypress (Taxodium distichum (L.) Rich. var. distichum).
Notes: Top, bald cypress tree at Mississippi State University; bottom, bald
cypress female cones.
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COTANALYSIS
Cot analysis is the study of DNA reassociation kinetics in solution (Britten et al.
1968). It is one of the earliest means of studying genome structure predating DNA
sequencing techniques (see Britten et al. 1974 for review). The logic behind Cot analysis
can be described using the following analogy.

Let’s assume that the quantifiable

phenomenon F is shown to be under the control of factors A, B, C, and E. Now let’s
assume that the factors A, B, and C can be easily manipulated and that the mathematical
product of these factors, D, has a predictable effect on F if E, a comparatively complex
but stable factor that cannot be readily quantified or manipulated, is held constant. In this
model, one can indirectly study E by exploring how changes in D affect F. In Cot
analysis, the product of DNA concentration (C0), reassociation time (t), and a “buffer
factor” accounting for cation concentration () has a predictable effect on the amount of
reassociation occurring in a denatured DNA sample (Britten et al. 1974). The major
unknown factor influencing reassociation is the underlying sequence composition of the
DNA. As per the model above, sequence composition is studied by exploring how
changes in C0t (known by the colloquialism “Cot”) influence reassociation (Figure 1.4).
Typically, a graph is created in which the fraction of reassociated DNA is plotted against
the logarithm of Cot (from Cot  0 to Cot values at which reassociation is complete) for
DNA from a particular source. The resulting scatter plot is analyzed using nonlinear
regression analysis and a least-squares curve is fit through the data. This graph, known
as a Cot curve, provides a visual representation of the genome.

11

So how does one actually determine the amount of DNA that has reassociated at a
particular Cot value? The most widely practiced approach to quantifying reassociation in
partially renatured DNA samples is centered on the use of hydroxyapatite (HAP)
chromatography which is based on the novel DNA binding properties of the calcium
compound hydroxyapatite. In short, HAP chromatography can be used to fractionate a
partially reassociated sample (i.e., a sample reassociated to a specific Cot value) into
double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA). Quantification of
the amount of DNA remaining single-stranded can be performed by comparing the
product of the volume and spectrophotometric absorbance at 260 nm (A260) of the ssDNA
eluant with the corresponding product (volume•A260) of the dsDNA eluant (Peterson et
al., 1998). Alternatively, a small, random portion of the DNA sample can be labeled with
a radioisotope and reassociation can be accessed by measuring the radioactivity and
volumes of the ssDNA and dsDNA fractions collected after HAP fractionation (Murray et
al., 1978). The steps in HAP chromatographic fractionation of a partially denatured DNA
sample and the 260 absorbance profile of a pine DNA sample reassociation to a Cot of 50
are shown in Figure 1.5 and 1.6 while a photograph of the Cot fractionation apparatus
used in my research is shown in Figure 1.7.
A data pair consisting of a Cot value and the fraction of single-stranded DNA
remaining at that Cot is called a “Cot point.” In order to construct a Cot curve one must
generate Cot points spanning a range from complete denaturation to nearly complete
reassociation. The number of Cot points for a particular species depends on the genome

12

size, of course, the amount of DNA available. However, the more points, the more
statistically valid a Cot curve will be. Generally, reassociation between complementary
molecules will not occur before Cot 0.0001 Ms. Any reassociation that occurs before this
Cot is due to DNA foldback (i.e., intramolecular base pairing). The range in Cot for most
species is rarely greater than 106. However, this is not true of large genome species like
pine where the range in Cot was closer to 1010.
So what can we learned from a Cot analysis? Analysis of Cot data provides the
number of kinetic components in a genome, the reassociation rate (k) of each component,
the fraction of the genome found in each component, and the kinetic complexity (i.e.,
estimated sequence complexity) of each component, and each component’s average
sequence iteration. Additionally, the genome size of an organism can also be estimated
from the comparison of the k value for the single/low copy component of the organism of
interest with k and genome size of E. coli (Peterson et al. 2005).

13

Figure 1.4 Cot analysis principles.
Notes: (A) Sheared DNA duplexes in sodium phosphate buffer. (B) The
DNA solution is heated to 95C which causes all DNA duplexes to “denature.”
(C) If the sample is allowed to reassociate to a relatively low Cot value, only
DNA molecules with intramolecular homology (fold-back sequences; pink)
and the most highly repetitive DNA sequences (blue) are likely to be involved
in duplex formation.(D) If the sample is permitted to reassociate to a
moderate Cot value, fold-back, highly repetitive, and moderately repetitive
sequences (green) will be involved in duplex formation. (E) Reassociation of
a sample to a high Cot value will permit reassociation of single- and low-copy
sequences (red) as well. It should be noted, however, that a small fraction of
DNA molecules will never reassociate. Such “unannealable” DNA is
believed to be damaged.
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ss,dsDNA
mixture
A

B

0.12M
SPB
C

D

ssDNA

Figure 1.5

0.5M
SPB
E

F

dsDNA

Fractionation of partially reassociated DNA via hydroxyapatite (HAP)
chromatography.
Notes: (A) A HAP column is equilibrated in 0.03 M sodium phosphate
buffer (SPB). (B) A partially reassociated DNA sample in or diluted to
0.03 M SPB is run onto the HAP column. At this low cation concentration
both ssDNA and dsDNA stick to the HAP column. (C and D) Addition of
0.12 M SPB to the column causes ssDNA to preferentially elute from the
column. This is visualized as a peak in absorbance (see Figure 1.6). An
eluant is collected in its own container. (E and F) Addition of 0.5 M SPB to
the column causes all remaining DNA to come off the column.
Theoretically the majority of this DNA should be double-standed. Elution
of the dsDNA causes a second peak in absorbance.
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FIGURE 1.6 The A260 absorbance profile of a pine DNA sample reassociated to a Cot
of 50.
Notes: The peak at the left represents elution of ssDNA while the peak to
the right represents dsDNA elution.
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B

A

Figure 1.7 Cot analysis apparatus.
Notes: (A) The apparatus consists of a hydroxyapatite (HAP) column, a
spectrophotometer (Agilent 8453), and a pump/diluter/dispenser (Wiz), and a
refrigerated circulating bath (VWR 1140). (B) In the Mississippi Genome
Exploration Laboratory HAP columns are typically prepared by placing 0.03
M SPB-saturated HAP onto a pad of glass wool in the bottom of a 3 ml
plastic syringe. The syringe is then placed into a water-jacketed glass column
specifically designed to hold a 3 ml syringe. A circulating water bath is used
to keep the temperature of the column at 60°C. A syringe luer attached to the
bottom of the syringe directs eluant from the column into a flow cell cuvette
in a diode array spectrophotometer. As solution passes through the cuvette its
absorbance is measured by the spectrophotometer. To facilitate a constant
flow rate through the column/spectrophotometer, negative pressure applied by
an Isco Wiz peristaltic pump is used to pull the solution through the system.
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COTFILTRATION
Cot filtration (CF) represents a merger between Cot analysis and high-throughput
DNA sequencing (Peterson, 2005). In short, the results of a Cot curve are used to guide
fractionation of genomic DNA into its kinetic components, and isolated components are
sequenced in full or part. Cot components can be cloned and sequenced – indeed the
process was originally called “Cot-Based Cloning and Sequencing” (CBCS) as cloning
was prerequisite to sequencing – or sequenced directly. The value of CF and other
reduced-representation sequencing techniques lies in their ability to enrich for subsets of
genomic DNA of interest (Peterson, 2005; Paterson, 2006).

For example, several

research groups have used CF to preferentially isolate and sequence low-copy sequences
as the majority of genes are single or low-copy in nature. Consequently, CF has been
used to enrich for gene space, including the promoters and introns missed by cDNA and
EST approaches (Peterson et al., 2002a; Yuan et al., 2003; Lamoureux et al., 2005).
Peterson et al. (2002b) suggest that CF may be one of the most efficient means of
elucidating a genome’s sequence complexity (Peterson et al., 2002b), although a fullscale test of this hypothesis has not been attempted. Alternatively, sequencing of highly
repetitive component(s) represents a means of efficiently exploring the repetitive
landscape of a genome (Wicker et al., 2005).
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CHAPTER 2
STRUCTURE OF THE LOBLOLLY PINE GENOME

INTRODUCTION
Despite the importance of loblolly pine and other conifers, knowledge of conifer
genomes lags behind that for plant species of far lesser value. The paucity of genomic
information has hampered both applied and basic research on pine and other conifers.
Maintaining the security and productiveness of these important crop/forest species in the
face of new pests, pathogens and environmental threats will require a better
understanding of their genes and the structures of their genomes. Towards this end, I have
conducted a study of loblolly pine that involves the characterization of the pine genome
by Cot analysis and characterization of Cot-filtered genome components. My results
provide insight into the evolution of pine while providing sequence data that can be used
in ongoing molecular breeding programs. The genome structure data will inform whole
and partial genome sequencing efforts in pine including those being led by the
Mississippi Genome Exploration Laboratory (www.mgel.msstate.edu).
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MATERIALSANDMETHODS

PlantMaterialsandGenomicDNAIsolation
Nuclear DNA was isolated from the needles of pine “candles” (young lateral
shoots) collected from a clone of the tree “7-56” propagated by International Paper
Company (Georgia, USA). Candles were sent to MGEL in 3 L plastic bags on ice (4°C).
Nuclear DNA isolation was performed as described below using an adaptation of the
protocol of Peterson et al. (1997).

Note that > 20 different DNA isolations were

performed during my Ph.D. research.

1. Nuclear Extraction
Young needles (200-1000 g) approximately 1-2 cm in length were hand plucked
from candles and submerged in 3000 ml of ice cold 1X TE buffer (aqueous 10 mM Tris
and 1 mM EDTA, pH 8.0) to wash off dust and other residues (Figure 2.1). The needles
then were transferred into an empty beaker, and 1000-3000 ml of ice cold diethyl ether
was added until all the needles were submerged. The ether effectively removes waxes
and makes the cell more friable. After 3 min the needles were transferred into 3000 ml of
ice cold 1X TE to wash ether off of the needles. After 2 min the needles were washed
once more in 3000 ml ice cold 1X TE buffer for two min and then and placed in 3000 ml
ice cold 2-methyl-2,4 pentanediol extraction buffer (MEB). The contents of MEB are as
follows:


354.54 g of 2-methyl-2,4-pentanediol (Aldrich)



9.07 g of PIPES-KOH
20



6.10 g of MgCl2•6H20



5.70 g of sodium metabisulfite



15 g of sodium diethyldithiocarbamate



2000 ml of distilled water



1.2 ml of 2-mercaptoethanol



87.7 g of L-lysine



6.8 g of EGTA

Sixty grams of polyvinylpyrrolidone (PVP; Sigma, cat. no. PVP-10) was added to the
buffer a little at a time to prevent formation of PVP clumps. The pH of the MEB was
adjusted to 6.0.
Approximately one-quarter of the leaves were homogenized in 750 ml of MEB
using an Osterizer kitchen blender at the highest speed for 30 sec. The homogenate was
then poured into a funnel lined with six layers of cheesecloth in the mouth of a 4 L flask.
The flask was packed in ice to keep the contents at 4°C. Liquid was allowed to flow
through the cheesecloth by gravity.

A second one-quarter portion of needles was

similarly homogenized, and the homogenate added to the funnel. When enough debris
clogged the cheesecloth and prevented filtration by gravity, pressure was applied to the
homogenate by squeezing. Once most of the liquid was squeezed from the cheesecloth,
materials trapped by the cheesecloth were discarded by shaking the cloth over a trash can.
The cheesecloth was then reused in filtering the rest of the homogenate. After all of the
homogenate was filtered through the 6 layers of cheesecloth, the filtrate was poured into
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a funnel containing 36 layers of fresh cheesecloth. The liquid was allowed to filter
through the cheesecloth pad without applying any force.
After filtration, a stir bar was added to the filtrate and the mixture was stirred at
about 1 stir bar revolution per sec. Triton X-100 was slowly added to the filtrate to a
final concentration of 0.5% v/v. At this concentration the Triton X-100 preferentially
lyses chloroplasts and mitochondria while leaving nuclei more or less intact. After 20
min of stirring, the filtrate was centrifuged at 800 x g for 20 min at 4°C. The supernatant
was discarded, and then the pellet was resuspended by vortexing in 0.5 ml MPDB (2methyl-2,4-pentanediol buffer).

MPDB is an aqueous solution consisting of the

following:


2.95 g of 2-methyl-2,4-pentanediol (Aldrich)



0.10 g of PIPES-KOH



0.10 g of MgCl2.6H20



0.25 g of sodium metabisulfite



50 ml of distilled water



19.5 µl of 2-mercaptoethanol



1.5 g of L-lysine



0.11 g of EGTA

The pH of the MPDB was adjusted to 7.0. To ensure that nuclei were still intact and that
plastids had been eliminated, a 20 µl drop of the nuclear suspension was placed on a
microscope slide and mixed with an equal volume of aqueous 1% w/v methylene blue. A
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coverglass was added and the slide was examined by bright-field and phase contrast
microscopy. Nuclei preferentially stain blue and appear as relatively dark blue, spherical
structures
The remaining suspension of nuclei was mixed with 10 ml MPDB. The mixture
then was centrifuged at 300 x g for 10 min. The speed of the centrifuge was then
increased to yield a force of 650 x g and centrifugation was allowed to continue for an
additional 10 min.

The supernatant was discarded.

In pine, the pellet was fairly

homogenous in color and content (as determined by microscopy).

2. Nuclear DNA Extraction
The pellet was resuspended in the residual MPDB left in the tube by vortexing.
20% w/v aqueous sodium dodecyl sulfate (SDS) was added to the final concentration of
2% v/v, and the SDS and nuclear suspension were mixed by gentle inversion. The SDS
causes lysis of the nuclei. The tube containing mixture was placed in a water bath at

60

°C, and then cooled at room temperature. 5 M sodium perchlorate (20°C) was added to
the mixture until the final concentration was 1 M. The sodium perchlorate disrupts many
protein/DNA interactions. The mixture then was centrifuged at 400 x g for 20 min using
a swinging bucket rotor to pellet starch grains. The supernatant was transferred to a
sterile polypropylene tube using a 1000 µl plastic pipette tip from which the bottom third
had been cut off to minimize shearing of the DNA. An equal volume of
phenol/chloroform/isoamyl acetate (25:24:1) was added to the supernatant and mixed by
gentle inversion for 30 min using a test tube rocker (18 cycles per min). The mixture
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Figure 2.1 Candles from the “7-56”, the loblolly pine tree utilized in this research.
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then was centrifuge at 1000-1200 x g in a swinging bucket rotor for 10 min and the upper
aqueous phase was transferred to a new sterile polypropylene tube using a modified 1000
µl plastic pipette tip as described above.
A second phenol/chloroform/isoamyl acetate extraction was performed, and then
the aqueous phase containing nucleic acid was dialyzed against 1X TE (pH 7.0) at 4°C
for at least 12 hrs.

3. RNA Degradation/Protein Digestion
The RNase T1 and RNase A stock solution were added to the dialyzed sample to
final concentrations of 50 units/ml and 50 ug/ml, respectively, and the sample was
incubated at 37°C for 1 hr. Proteinase K then was added to a final concentration of 150
µg/ml and the mixture was incubated at 37°C for 1 hr. Two phenol/chloroform/isoamyl
alcohol extractions were performed followed by two extractions using only chloroform.
The aqueous phase containing nucleic acids was transferred into its own 1.5 ml
microcentrifuge tube.

4. DNA Precipitation and Resolution
One-tenth volume of 3 M sodium acetate (pH 5.2) was added to the aqueous
phase, the contents of the tube were mixed by several inversions, and then two volume of
ethanol was added to precipitate the DNA. The resulting mixture was centrifuge at
14,000 rpm for 30 min. The supernatant was discarded and 1 ml of 70% ethanol was
added to the DNA pellet and the mixture was centrifuge for an additional 15 min. The
supernatant was discarded and the DNA pellet was allowed to air dry for 1 hr or the tube
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was placed in a vacuum centrifuge for 5-10 min until no trace of liquid remained in the
tube. The DNA pellet was redissolved in 50 µl of 1X TE buffer.
The quantity and quality of DNA was determined using a spectrophotometer either an Agilent 8453 or a Nanodrop ND-1000 - by measuring optical density at A260.
The A260/A280 nm wavelength ratio was always above 1.8 indicating low protein
contamination. Restriction digestion of the DNA using HindIII (New England BioLabs)
at 37°C for 1 hr and DNA quality was also used to assess DNA purity. Restriction
digested DNA was assayed by standard agarose gel electrophoresis. Purified DNA was
stored at -20°C.

DNAShearingandSizeDetermination
Some of the purified DNA was sheared for Cot analysis. Ideally, DNA used in
Cot analysis should have a mean length of 450 bp (Britten et al., 1974). To shear DNA
into 450 bp fragments, an aliquot of DNA solution was diluted with 1X TE to a volume
of 10 ml. The diluted DNA was sheared using a Misonix Sonicator 3000 with a standard
sonicator tip. The following settings yielded DNA fragments with a mean length of 400450 bp: total process time of 3:30 min; 30 sec pulse on; pulse off 1 min; and power
output 2.
Some of the DNA used in Cot filtration was sheared to 1600 bp. In brief, 300 µl of a 1
mg/ml solution was sheared using HydroShear (GeneMachines). The device was set at a
speed code of 4 and a cycle number of 30. The mean length was verified by gel
electrophoresis.
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DNAPurification

1. Removal of Metal Ions
Metal ions, which can result in problems during reassociation, were removed
from sheared DNA using a Chelex (BioRad) column. The column was prepared using a 3
ml syringe with glass wool plug as a barrier to prevent the Chelex beads from exiting the
syringe. The Chelex (50-100 mesh) column was washed by addition of 1 column volume
of 3 M sodium acetate solution followed by three column volume washes with 0.06 M
sodium acetate. The DNA solution, which was made 0.06 M sodium acetate, was run
through the column and collected in a siliconized glass beaker. An additional 1-2 ml of
0.06 M sodium acetate solution was run through the column and collected in the beaker.
Note that DNA does not stick to the Chelex beads, but metal ions are trapped by the
Chelex.

2. Sample Purification Using Hydroxyapatite Chromatography
Hydroxyapatite (HAP) powder (BioRad, cat. 130-0520) was suspended in 0.5 M
sodium phosphate buffer (SPB), and the mixture was boiled for 10 min. Water was
added periodically to replace water that had evaporated during the boiling process.
Boiling of HAP has been shown to decrease non-specific DNA binding (Britten et al.
1974). The boiled HAP in 0.5 M SPB was stored at 4°C.
In our experience there are a number of carbohydrates that absorb light at 260 nm.
If these are not removed from DNA samples they will confuse Cot results. To remove
these compounds we used HAP chromatography. In brief, a 50 ml (internal volume)
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water-jacketed glass column with a coarse glass fret in the bottom was attached to a
clamp stand. A 1 ml pad of glass wool was placed on top of the glass fret and HAP
slurry (pre-boiled HAP resuspended in 0.5 M SPB) was added to form a HAP column on
top of the glass wool pad. The amount of HAP added depended upon the amount of
DNA to be cleaned. In general, 1 ml of HAP can bind 200 µg of DNA (Britten et al.
1974). I erred on the side of caution and added 1 ml of HAP for every 100 µg of sheared
DNA (as estimated by spectrophotometry). The column, which was maintained at 60°C,
was washed 2 column volumes of 0.5 M SPB, 2 column volumes of 0.12 M SPB, and 10
column volumes of 0.03 M SPB. The sheared DNA which was diluted with 10 volumes
of 0.03 M SPB was added to the column. The eluant coming off the column traveled
through a short piece of silicon tubing into the flow cell of an Agilent 8653
spectrophotometer. An absorbance reading was taken every 5 sec. When almost all of
the DNA had entered the HAP, a small volume of additional 0.03 M SPB was added to
the top of the column. Once this had been almost pulled entirely into the HAP, a bit more
0.03 M SPB was added. The column was never allowed to run dry; there was always
some liquid at the top of the column. Once it was clear that all of the DNA solution had
entered the HAP, one column volume of 0.03 M SPB was added. Presumably the DNA
was bound to the HAP while most carbohydrates and other contaminants were washed
away. An increase in absorbance indicated elution of a contaminant with an absorbance
of around 260 nm. An Isco Wiz peristaltic pump was used to maintain a steady flow
through the column. Once the 0.03 M SPB was close to completely entering the column,
one column volume of 0.12 M SPB was added to the top surface of the HAP.
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Presumably only single-stranded DNA and/or RNA would come off the column in 0.12
M SPB. We generally did not observe any peak coming off in the 0.12 M SPB eluant.
Finally 0.5 M SPB was added to elute the DNA from the column.
The dsDNA collected after HAP-based cleaning was exchanged for fresh 0.5 M
SPB and concentrated using a Millipore Amicon Centriplus YM-30 column according to
the manufacturer’s instructions. DNA concentration was determined using the Agilent
8453 spectrophotometer based on a DNA calibration curve prepared using serial dilutions
of a DNA sample of known concentration.

CotAnalysis

1. Melting Curve Analysis
Three 25 µg aliquots of sheared DNA (450 bp) were diluted with water or 0.5
SPB to produce 1 ml solutions with SPB concentrations of 0.03, 0.12 and 0.5 M. Each of
the samples was placed in a 1.5 ml screw-top quartz cuvette and degassed using a
Vacufuge Concentrator 5310 (Eppendorf) (gas dissolved in solution may bubble out
during DNA melting causing aberrant A260 readings). Mineral oil was layered on top of
the buffer in each cuvette so that the cuvette was completely full, and a screw top lid with
a sealing gasket was firmly secured onto each cuvette top.

Melting curves were

generated for each solution using an Agilent 8453 spectrophotometer attached to a Peltier
temperature-controlled cuvette holder. Thermal denaturation of samples was recorded
using the melting temperature software supplied with the Agilent 8453. The melting
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points of sheared pine DNA in 0.03, 0.12 and 0.5 M SPB were automatically determined
by the software based on 1st derivative analysis of the melting curves.

2. Cot Points ( 20,000 M•s)
With the exception of a few of the highest Cot points (see Highest Cot points,
below), each Cot point was prepared using the following steps:
(a) A 100 µg aliquot of sheared pine DNA (450 bp fragments) dissolved in 0.5, 0.12,
or 0.03 M SPB was placed in a PCR tube. The DNA concentration of the sample,
as determined using an Agilent 8453 spectrophotometer, was converted into
moles of nucleotides per liter.
(b) A Cot value was chosen for the sample based upon its relative DNA
concentration, the buffer in which it was dissolved, and the time that would be
required for it to reach the Cot value given the values of the other two variables.
Reassociation times were selected so that no sample required an incubation time
less than 1 min or greater than 72 h. Cot values ranged from 10-5 to 200,000 M•s.
The reassociation time in seconds (t) for the Cot value was determined using the
formula t = Cot/C•B where C is the nucleotide concentration in moles per liter and
B is a buffer factor that accounts for the effect of buffer cation concentration on
reassociation. The values of B for 0.03, 0.12, and 0.5 M SPB are 0.0133, 1, and
5.8157 (Britten et al. 1974).
(c) The tube was placed into an MJ PTC-100 thermocycler with a “hot bonnet” lid.
The tube was heated to 95°C for 10 min and then immediately cooled to a
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temperature 25°C below the melting temperature for DNA in that sodium
phosphate buffer (see above).
(d) The sample was allowed to reassociate until the target Cot was reached. The
sample was then immediately diluted in 10-100 volumes of 0.03 M SPB to
effectively stop reassociation.
(e) The diluted DNA was loaded onto a 1.2 ml HAP column prepared in a 3 ml
syringe barrel. The apparatus used in HAP chromatography and ssDNA and
dsDNA elution is shown in Figure 1.6. Single-stranded DNA was eluted by
adding 0.12 M SPB to the column. Double-stranded DNA was eluted by adding
0.5 M SPB.
(f) The fraction of DNA in the sample that exhibited reassociation was determined
according to Peterson et al. (1998).

3. Highest Cot Points ( 20,000 M•s)
The genome of loblolly pine is so large that it is nearly impossible to reach some
of the highest Cot points ( 20,000 M•s) using standard techniques. Consequently, we
employed the ASE buffer technique to perform reassociation of Cot values  20,000 M•s.
The ASE buffer technique is rooted in the use of a reassociation buffer consisting of 2 M
(NH4)2SO4, 20% v/v ethanol, 10 mM PIPES, and 1.0 mM EDTA (pH 6.9). The recipe
for ASE buffer was obtained from Dr. Michael G. Murray (Dow AgroSciences) who
utilized it in his work at the Carnegie Institute of Washington from 1976-1981. The
recipe was originally given to Murray’s advisor, William F. Thompson (North Carolina
State University), by David Kohne, co-author of the breakthrough paper “Repeated
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Sequences in DNA” (Britten and Kohne 1968). ASE is not as well characterized as
sodium phosphate buffer (SPB), so preference should be given to the latter when
possible. According to Dr. Murray, ASE speeds up reassociation about 20-26 times
compared to 0.12 M SPB. Thus it can be used to reach high Cot values (> 20,000 M•s)
that would be difficult or impractical to reach using SPB. Moreover, reassociation in
ASE is optimal at 45°C, and thus all reassociation reactions performed using ASE are
incubated at this relatively low temperature.

While it is advisable not to allow

reassociation to proceed for more than 48 hours in SPB (due to DNA degradation),
reassociation in ASE at 45°C results in little if any degradation even after incubation for a
week (Murray, personal communication).
Because the speed of reassociation afforded by ASE may differ from lab to lab
and the protocols for making up the buffer are less precise than those for making SPB, we
did a number of side-by-side comparisons, using sheared E. coli DNA, to determine the
speed of reassociation afforded by ASE in our lab. Comparison of the reassociation of
samples with identical nucleotide concentrations in 0.12 M SPB vs. ASE indicated that
ASE increased reassociation rate by a factor of 18. Consequently this buffer factor was
used in our pine research. The seven Cot points prepared using the ASE technique were
20,000, 50,000, 100,000, 250,000 (two replicates), 500,000, and one million M•s.
Reassociation was halted by 100-fold dilution with 0.03 M SPB. All other steps of
fractionation were performed as described for SPB.
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4. Cot Curve Analysis
The Cot points were analyzed using the program CotQuest (www.mgel.msstate.
edu/tools.htm) which generates a least squares nonlinear regression fit for the data and
outputs biologically-relevant data including the following:
(A) The number of components in the curve;
(B) The fraction of the genome found in each component;
(C) The Cot½ of each component;
(D) The reassociation rate (k) of each component;
(E) The kinetic complexity (KnCx) of each component.

DNALibraryConstruction
Cot DNA filtration, preparation and Cot libraries construction was conducted as
described (Peterson et al., 2000). To prepare HR DNA, sheared genomic DNA (450 bp in
length) in 0.12 M SPB was denatured at 100°C and allowed to renature to Cot 6.03.
Single stranded DNA and double stranded DNA were fractionated using HAP
chromatography which have 0.12 M SPB for the elution of single stranded DNA and 0.5
M SPB for the elution of double stranded DNA. The dsDNA was collected and denatured
and immediately diluted with water/HAP 5 ml to produce a sample with a Cot0. The
ssDNA and dsDNA were fractionated using HAP (hydroxyapatite) chromatography. The
concentration of ssDNA (containing highly repetitive sequences minus fold back DNA)
was determined by a spectrophotometer. The ssDNA was denatured and allowed to
reanneal at 64°C for 19 hr resulting in duplexes which contain highly repetitive
sequences.
33

To prepare MR DNA, sheared genomic DNA (450 bp in length) in 0.12 M SPB
was denatured and allowed to reassociate at Cot 0.83. After measuring the concentration
of ssDNA, the ssDNA was denatured and allowed to reassociate to a Cot value of 83.4.
The ssDNA and dsDNA were fractionated by HAP chromatography resulting in the
dsDNA containing moderately repetitive DNA sequences.
To prepare SL DNA, sheared genomic DNA (1,600 bp in length) in 0.5 SPB was
denatured and allowed to renature to a Cot of 83.4. The ssDNA and dsDNA were
fractionated using HAP chromatography. The ssDNA was kept and concentrated using
Millipore Amicon Centriplus YM-30 column. The concentration was determined by a
spectrophotometer, after which it was denatured and reassociated to a Cot equivalent of
10,000 resulting in DNA duplexes containing single/low copy sequences.
HR, MR and SL DNA were desalted using Centriplus (Amicon) centrifugal filter
devices. Then 40 ug aliquot of each desalted DNA sample was digested in mungbean
nuclease (Promega) at 37°C for 10 min to remove sticky ends. The blunt ended DNA was
purified using a nucleotide or PCR purification kit (QIAquick). The cleaned blunt ended
DNA was A-overhung using dNTP and tag polymerase at 70°C for 1 hr. The A-overhang
DNA was ligated with P-Gem T easy vector (Promega) by T4-ligase using thermocycler
at 16°C for 15 hr. The ligation mixture was deactivated of enzyme activity using
thermocycler at 65°C for 20 min. The ligation mixture was desalted on nitrocellulose
sheet floating on 10% polyethylene glycol (PEG) for 30-45 min.
The ligation mixture was used to transform E.coli DH10B competent cells
(Electromax) by electroporation using cellporator (GIBCO BRL) and the transformed
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cells were then incubated in SOC medium at 37°C for 1 hr. The cell solution was plated
on LB medium containing ampicilin (0.27 mmol/L), 5-bromo-4-chloro-3-indolyl-beta-Dgalactoside; xgal (0.22 mmol/L) and isopropyl-beta-D-thiogalactopyranoside; IPTG (0.37
mmol/L) overnight to screen for transformed cells. White colonies were picked by Q-bot
(Genetics) into 384-well micro titer plate containing freezing medium, cultured overnight
and then stored at -80°C.

PreparationofTheoreticalLowCopyDNAfor454Sequencing
Theoretical low copy DNA was estimated by using the formula (Peterson et al.,
2002). Genome size organism = (Genome size E.coli x k E. coli)/ k organism. We use
21.568 x 109 bp for loblolly pine genome size (Murray, 1998), 4,639,221 bp for E. coli
genome size (Blattner et al., 1997), and 0.22 M-1•sec-1 for k E. coli. The Cot½ is equal to
1/k. (Zimmerman and Goldberg, 1977). From our calculation according to the previous
formula and those constant values, Cot ½ loblolly pine is 21220 M•s. After we know Cot
½ loblolly pine, we can estimate two Cot decade region (2122 -212200). The two Cot
decade region can be used to estimate that 80% of DNA in one component can be
reassociated. In this point we used the Cot point of 2122 as the cut of Cot value to
fractionate for theoretical low copy DNA. The sheared DNA (1500 bp) was denatured
and reassociated at Cot point of 2122, and then the DNA was fractionate ssDNA from
dsDNA using HAP column.
The ssDNA was used as templates to generate dsDNA using second strand
synthesis protocol. One ug of ssDNA was incubated with 2.5 ug random 9-mers (final
concentration 20.6 ug/µl), 10 ul of dNTP (final concentration 2 mM), 5ul of 10x Klenow
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exo-buffer (final concentration 1X), and ddH20 (to give a final reaction volume of 47 µl)
in PCR tube in a thermocycler at 95°C for 5 min., and quickly cooled to 4°C. Klenow
exo-polymerase (final concentration 0.3 units/µl) was added and mixed by tapping on the
tube or gentle vortexing. After that the reaction was briefly centrifuged in a microfuge,
and then incubated at 30°C for 3 hours. After completion, the reaction was purified to
remove the leftover dNTPs, enzymes, and salts using the QIAGEN QIAquick nucleotide
Removal Kit. Water was used to elute the DNA from the column. Mungbean nuclease
was then used to remove the leftover ssDNA from the reaction according to
manufacturer’s instructions. Then the reaction was purified using QIAquick Kit.

DNASequencingandSequenceAnalysis
The Cot filtrated DNA (HR, MR, and SL), random genomic or genomic shotgun
(GS) DNA, and theoretical single copy (TS) DNA were sequenced using 454 sequencer.
Plasmid DNA was extracted from Cot libraries (MR and SL) and random genomic
libraries were sequenced using Sanger sequencing methods via ABI 3700 automated
DNA analyzer. The sequences were analyzed using BLAST (Basic Local Alignment
Search Tool) program against conifers and Arabidopsis thaliana EST, cDNA, and mRNA
(EMC) sequences, repeat and organelle DNA sequences. The conifer sequence database
was downloaded from ConiferGDB (http:conifergdb.org/coniferest/terminusList.php) and
the Arabidopsis sequences were downloaded from TAIR (http://arabidopsis.org/help/
helppages/BLASThelpisp#database) dataset Genes (+introns + UTRs). The transposon,
rDNA, centromere, chloroplast and mitochondria sequences were downloaded and
extracted from NCBI database. The sequence analysis was based on an automated
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sequence read classification pipeline (SRCP) as described (Chouvarine, 2008) except we
used conifers and Arabidopsis thaliana EMC sequences instead of the EMC sequence
database from the NCBI and The Institute for Genome Research (TIGR) Gene Index FTP
database. The sequences were also assembled into contigs using Phrap (http://
www.phrap.org/phredphrap/phrap.html) and blast against 3 retrotransposon; IFG7,
PpRT1, and Gymny. The IFG7 and PpRT1 sequences were downloaded from NCBI
database (Accession number AJ004945, and DQ394069 respectively). The Gymny was
downloaded from John M. Davis Lab, University of Florida, RLG_Gymny_ACC#.1. The
contigs were analyzed using LTR_STRUC (www.Biology.gatech.edu/ mcdonald_lab/
finalLTR.htm) for retrotransposon finding.

RESULTS

MeltingTemperaturesandGCContentofLoblollyPineDNA
Melting curves were generated for sheared loblolly pine DNA in 0.03, 0.12, and
0.5 M sodium phosphate buffer (SPB), and melting temperatures (Tm) for DNA in each
buffer were determined using first-derivative analysis. The melting temperatures for
loblolly pine DNA in 0.03, 0.12, and 0.5 M SPB are 75.7, 83.8, and 91.8°C, respectively
(Figure 2.2).
For DNA dissolved in buffers with a monovalent cation concentration (Mmvc)
between 0.01 and 0.2 M, the GC content of the DNA can be calculated using the formula
%GC = 2.44 (Tm-81.5-16.6 logMmvc) (Mandel and Marmur, 1968). Consequently, the
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loblolly pine DNA samples in 0.03 M SPB (Na+ = 0.045 M), 0.12 M SPB (Na+ = 0.18
M) result in %GC estimates of 40.4% and 42.9%, respectively with an average of 41.7%.

CotAnalysis
The Cot curve of loblolly pine is presented in Figure 2.3. The curve was analyzed
using the program CotQuest (www.mgel.msstate.edu/tools.htm) which generated a least
square nonlinear regression fit for the data and biologically relevant data including the
following:
(A) The number of components in the curve.
(B) The Cot½ of each component.
(C) The reassociation rate (k) of each component.
(D) The kinetic complexity (KnCx) of each component.
The best fit curve contained three components curve was fitted to the data and
was used to compute the descriptive statistics for highly repetitive, moderately repetitive,
and single/low copy fractions of the loblolly pine genome (Figure 2.3 and Table 2.1). The
Cot analysis results revealed that the loblolly pine genome consists of 3 components
based on DNA renaturation kinetics, 57.20% highly repetitive, 23.88% moderately
repetitive, 10.21% single/low copy fractions. The fold back (or self complementary)
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(A)

(B)

(C)

Figure 2.2 Melting curves of loblolly pine DNA.
Notes: The melting curves of loblolly pine DNA in 0.03 M SPB (A), 0.12 M
SPB (B), and 0.5 M SPB (C) are shown above with the melting temperature
of 75.7, 83.8, and 91.8 °C, respectively.
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DNA and the unreassociated fraction were also show in the Cot curve along with the
starting and ending point of the curve respectively. For the foldback DNA fraction, the
Cot curve yielded starting values of renatured DNA around 1.2% and for the
unreassociated fraction, the Cot curve yielded the ending value of renatured DNA around
95.26% which leaves the fraction of unreassociated around 4.74%. The genome size can
be estimated by comparing the k value of the single/low component to E. coli’s rate
constant (k = 0.22 M-1•sec-1) and DNA content (Zimmerman and Goldberg, 1977). The
genome size of E. coli (strain K12, substrain MG 1655) is 4,639,221 bp (Blattner et al.,
1997). Assuming that the single/low copy component of loblolly pine (k= 4.70013 x 105

M-1•sec-1) is composed of single copy DNA, the estimated of 1C genome size of

loblolly pine would be 21.7 Gb which is in agreement with the previous estimate. In this
Cot curve analysis by the Cotquest program, the k value was a fix parameter, it may have
not fair to say that the k value are the result from the analysis. However, this k value
revealed the best fit of the data.
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Highly repetitive
Cot½ = 3.92 M*s
Percent = 57.2
SqCx = 2.28 Mb
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Moderately repetitive
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Figure 2.3

Cot curve of loblolly pine.
Notes: The curve was analyzed using the corrected the program CotQuest.
The Cot curve composed of 3 component; HR, MR, and SL components.
The squares mark the position on the Cot curve of the Cot½ of each
component and the brackets center of each Cot½ marker show the Two
Cot Decade Region (TCDR) with 80% the sequences in the component
will renature (Britten and Davidson, 1985).
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Table 2.1 Cot components of loblolly pine genome.

Cot
Component

Fraction
(%)

Kinetic
Complexity
(KnCx)

k

Cot½

No. of copies
per 1C genome

HR

57.20

2.28 x 106

2.55 x 10-1

3.92

25,500

MR

23.88

3.71 x 108

6.54 x 10-4

1529.05

14

SL

10.21

2.20 x 109

4.70 x 10-5

21276

1

Notes: The fraction of the genome, kinetic complexity (KnCx), rate of constant (k) and
Cot ½ values derived from the least square analysis of the reassociation data. The
Cot½ are from 1/k and the number of copies per 1 C genome was calculated by
using k values in comparison to k value of single/low copy component as 1 copy.
The unreassociated fraction is 4.74 %.
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SequenceAnalysis
The Cot filtrated DNA (HR, MR, and SL), random genomic or genomic shotgun
(GS) DNA, and theoretical single copy (TS) DNA were sequenced using 454 sequencing
(4S). Cot libraries (MR and SL) and random genomic libraries were sequenced using
Sanger sequencing (SS) method. The sequence data was analyzed using the Basic Local
Alignment Search Tool (BLAST) program against EST/mRNA/cDNA (EMC) sequences
of conifers and Arabidopsis thaliana, and transposon, rDNA, centromere, chloroplast and
mitochondria DNA from NCBI. The sequences were characterized based on the
automated sequence read classification pipeline (SRCP) as described (Chouvarine et al.,
2008). The results of the SRCP analysis were divided into 10 categories: centromere
DNA, chloroplast DNA, mitochondria DNA, rDNA, transposon, annotated repeats,
probable repeats, possible repeats, EMC, and Genome Sequence of Unknown Character
(GSUC) and summarized in Figure 2.4. The result revealed that the classification profile
from different nucleotides sources have different proportion of each categories. The
major categories of all nucleotides sources are GSUC, probable repeates, and transposon,
which are show in yellow, gray, and red bars. The data indicates that the loblolly pine
genome consists mainly of repetitive DNA; however the majority of DNA is unknown.
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Figure 2.4 The classification of loblolly pine DNA sequences.
Notes: The random genomic or genomic shotgun (GS), highly repetitive
(HR), moderately repetitive (MR), single/low copy (SL), and theoretical
single copy (TS) loblolly DNA produced via automated Sanger Sequencing
(SS), and 454 Sequencing (4S). The abbreviations are from the DNA
sequence batches and the type of sequencing method. Each color represents a
different category, and proportions of each category represent the amount of
DNA (%).
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Transposons consist of a significant part of all nucleotide sources and are
relatively higher in GS, HR and MR than SL and TS, specifically the nucleotides
sequenced via the Sanger Sequencing method. Overall, there is little homology to
centromere, chloroplast, mitochondrial DNA, and possible repeats and there are no hits
on annotated repeats, except for MR/SS that showed significant hits to possible repeats.
The overall rDNA component is quite low (shown in light blue bar). There is little
homology to EMC in all nucleotide sources except for GS/SS.
The number and percent of BLAST categories of GS, HR, MR, SL and TS via
454 sequencing are shown in Table 2.2, and GS, MR, and SL via Sanger sequencing in
Table 2.3. As shown in the two tables, the percentage of centromere DNA in all
nucleotide sources is 0 %. There are a few sequences in GS and HR via 454 sequencing
that showed homology to Picea abies microsatellite sequences and loblolly pine ESTs. In
the analysis, we found a small amount of chloroplast (1-5%) and mitochondria DNA
contamination (less than 1%). The sequences from the chloroplast DNA showed hits with
Cycas and Pinus spp., suggesting that chloroplast DNA were highly conserved among
related genera. While the sequences from mitochondria showed hits that are variable (i.e.,
Cycas, Brassica, Arabidopsis and Tripsacum spp.), indicating that mitochondria DNA
were not highly conserved.
The rDNA compositions are in the range of 0.04-0.38% and are mostly 5S, 25S,
26S, and 28S ribosomal RNA genes. However there are no significant differences among
nucleotide sources. The majority of rDNA hits come from the ribosomal RNA genes of
related genera such as Monterey pine, Austrian pine, Swiss mountain pine, and slash pine
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(Pinus spp.), larch (Larix sp.), ginkgo (Ginkgo biloba L.), silver fir (Abies alba), and joint
fir (Ephedra distachya). The only exception is rice (Oryza sativa). This data indicates
that rDNA are also relatively conserved among related genera. The transposon constitutes
a significant fraction of the genome and the major group of repetitive DNA. The results
indicated that Cot filtration has an effect on the percent of transposon which can be
significantly observed from the results of 454 sequencing. The nucleotides sequenced via
454 sequencing consist of 8.42, 6.36, 3.25, 2.73, and 1.39 in MR, HR, GS, SL, and TS,
respectively. The transposon is also highly conserved among related genera that show
similarity to Pinus species and Picea sp. gypsy- and copia- like retrotransposons. The
transposon was further categorized into subcategories, shown in the last result section.
The repeat sequences are grouped in three categories: annotated, probable, and
possible repeats. The annotated repeats came from hits on annotated repeats database, the
probable repeats came from hits on probable EMC and probable gene index, and the
possible repeats came from hits on ambiguous EMC and ambiguous gene index (see the
detail of sequence read classification described in Chouvarine et al., 2008). There is no
hit on annotated repeats from all nucleotide sources. However, the repeats category that
showed a relatively high percentage (25-68%) is probable repeats. The results showed a
relatively high percentage of probable repeats in MR in both methods and HR in 454
sequencing. The percentage of possible repeats is very low (range) in all nucleotide
sources. The EMC category was blasted against the Arabidopsis EST/mRNA/cDNA. The
results showed that procedure had an effect on the proportion classified as EMC.
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Table2.2 BLAST-based categorization of 454 sequences.

BLAST
Categories

Subcategories
(Examples)

Centromere -Picea abies clone
DNA
centromeric satellite

sequence
-Pinus taeda ESTs
Chloroplast -P. thunbergii chloroplast
DNA
-Cycas taitungensis
chloroplast
-P. koraiensis chloroplast
Mitochondria -Cycas taitungensis
DNA
mitochondrion
-Brassica napus
mitochondria
-Arabidopsis thaliana
mitochondrion
-Tripsacum dactyloides
mitochodrion
-Zea perennis
mitochondria
rDNA -Pinus radiata 5S
ribosomal RNA gene
-Pinus nigra 28S
ribosomal RNA gene
-Ginkgo biloba 26S
ribosomal RNA gene
-Larix sp. 26S ribosomal
RNA gene
Transposon -Pinus radiata gypsy-like
retrotransposon IFG7
-Pinus pinaster
transposon PpRT1
-Pinus pinaster copia-like
retrotransposon
Annotated
No hits
repeats
Probable
-Pinus taeda cDNA
repeats
Poss.repeats -Pinus taeda cDNA
EMC
-Pinus taeda cDNA

GS
No. %
5

0

HR
No. %
2

MR
No.
%

0

0

0

SL
No.

%

0

0

TS
No. %
0

0

Total
sequence

unknown

F108461.1

DT625733.1

3,205 1.17

2,797 1.29

3,804

1.84

921

0.9

372

0.22 NC_001631.1
NC_009618.1
NC_004677.2

36

0.01

18

0.01

5

0

11

0.01

19

0.01 NC_010303.1
NC_008285.1
NC_001284.2
NC_008362.1
NC_008331.1

377 0.14

441

0.20

692

0.34

101

0.1

88

0.04 Z33606.1
U90680.1
AY095475.1
AY095475.1

8,944 3.25

13,790

6.36

17,380

8.42

2,807

2.73

2,995 1.39

AJ004945.1
DQ394069.1
AJ004945.1

0

0

0

70,741 25.72 133,852
55 0.02
163 0.06

16
32

0

0

0

0

0

61.71 140,463

68.05

33,017

32.15

0.01
0.01

0
0.01

21
62

0.02
0.06

8
15

0

0

-

52,09924.19 Many refs.
77
281

0.04 Many refs.
0.13 DQ703106.1
AT2G18700.1

-Arabidopsis thaliana
rehalose phosphatase/
synthase II
GSUC

Ref./Acc.

91,512
275,038

69.63

65,973

30.41

44,034

21.34

65,768

64.03

100

216,921

100

206,402

100

102,708

100

47

159,354 73.98
215,387

100

Many refs.

Table 2. 3 BLAST-based categorization of Sanger sequences.
BLAST
categories
Centrom
ere DNA
Chloropl
ast DNA

Subcategories
(Examples)
No hits

-Pinus thunbergii chloroplast
-Cycas taitungensis chloroplast
-Pinus koraiensis chloroplast
Mitochondria -Cycas tiatungensis mitochondrion
DNA
-Brassica napus mitochondria
rDNA
- Pinus elliottii 18S ribosomal RNA gene
-Larix sp. 26S ribosomal RNA gene
Transposon -Pinus pinaster transposon PpRT1
-Pinus radiata gypsy-like retrotransposon IFG7
-Picea glauca gypsy-like retrotransposon
polyprotein-like gene
-Pinus pinaster ty3 gypsy-like retrotransposon
-Ginkgo biloba athila-like retrotransposon
reverse transcriptase-like gene
-Pinus sibirica ty3 gypsy-like retrotransposon
-Pinus taeda retrotransposon-like fragmentgenomic sequence
Annotated No hits
repeats
Probable -Pinus taeda genomic DNA
repeats
Possible
-Pinus taeda cDNA
repeats
EMC
-Pinus taeda cDNA
-Binding protein
-Clathrin adaptor complexes medium subunit
family protein
-Rho-GTPase-activating protein related
-hAT dimerisation domain-containing protein
-Pseudogene, similar to putative AP
endonuclease/reverse transcriptase
-AHK2 (Arabidopsis histidine kinase 2)
-Transporter protein
-Regulator of chromosome condensation
(RCC1) family protein
-ATRLI 2 (Arabidopsis thaliana RNase L
inhibitor protein
GSUC
Unknown
Total
sequence

GS

MR
No.
%

No.

%

0

0

0

10

0.99

1

SL

Ref./Acc.

No.

%

0

0

0

-

15

5.64

19

0.82

0.1

0

0

0

0

2

0.2

1

0.38

1

0.04

53

5.26

11

3.76

98

4.21

NC_001631.1
NC_009618.1
NC_004677.2
NC_010303.1
NC_008285.1
AF051798.1
AY095476.1
DQ394069.1
AJ004945.1
AF229251.1
AJ290604.1
AY959299.1
AJ290628.1
AF216196

0

0

0

0

0

0

104

10.33

160

60.15

918

7

0.7

0

0

2

0.09

27

2.68

0

0

12

0.52

39.43

Many Ref.
CF471507.1
BF610163
DR016456.1
AT1612775.1
AT1610730.1
AT4635750.1
AT5633406.1
AT1644040.1
AT5635750.1
AT1610390.2
AT3602300.1
AT4619210.1

803

79.74

80

30.07

1,007

100

266

100
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1,278 54.89
2,328

100

Many refs.

The proportion of EMC from GS/SS fraction was higher, which may be explained
by their longer sequence reads. These sequences are similar to many interesting genes
and protein sequences as shown in the tables. The hits of GSUC are in the range of 2179%, indicating that there is relatively less sequence information of loblolly pine and
other gymnosperms in the existing database.
After the exclusion of chloroplast and mitochondria DNA, the categories were
divided into three parts: repetitive DNA, gene, and unknown sequences. The repetitive
DNA was deemed from the summation of categories from rDNA, transposons, annotated
repeats, probable repeats, and possible repeats, and genes were deemed from EMC, while
the unknown was from the category of GSUC (Table 2.4). The repetitive DNA
proportion ranges from 17-78 %. The gene sequences are from 0-2.71 % and unknown
sequences from 22-80 %. The relatively high percentage of repetitive DNA resulted from
Cot filtration which can be specifically notice on HR and MR. However, the relatively
low percentage of GS/SS resulted from the higher DNA length which is shown in Table
2.5.
The genome structure of loblolly pine based on the data from the random genomic
shotgun sequencing via Sanger method (GS/SS) is shown in Figure 2.5. This picture
shows that the loblolly pine genome comprised of 2.71 % EMC, 5.32 % transposon,
10.44% possible repeats, 0.71 % probable repeats, 0.2 % rDNA, and 60.62 % GSUC. The
repetitive DNA is deemed from rDNA, transposon, probable repeats, and possible repeats
and accounts for 16.67 %. The EMC are genes, which account for
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2.71 %. While, the

Table 2.4 The composition of the loblolly pine genome based on repetitive DNA, known
genes, and unknown DNA.

Nucleotide
sources

Repetitive DNA
(%)

Genes (EMC)
(%)

Unknown
(%)

GS/SS

16.67

2.71

80.62

GS/4S

26.05

0.06

70.46

HR/4S

69.18

0.01

30.81

MR/SS

68.13

0.00

31.87

MR/4S

78.24

0.01

21.75

SL/SS

44.13

0.52

55.35

SL/4S

35.35

0.06

64.59

25.72

0.13

74.15

TS/4S

Notes: The repetitive DNA is deemed from the summation of the categories of the
centromere DNA, rDNA, transposon, annotated repeats, probable repeats, and
possible repeats. The low copy is deemed from the summation of the categories
of EMC and gene index (TIGR), while the unknown is solely from the category
of GSUC. These values were calculated in percent of the genome and do not
include chloroplast and mitochondria DNA.
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(A)
Possible
repeats
10.44%

Probable
repeats
0.71%

rDNA
0.2%

Transposon
5.32%
EMC
2.71%

GSUC
80.62%

(B)
Repetitive
DNA
16.67%
Genes
2.71%

Unknown
80.62%

Figure 2.5 The loblolly pine genome characterization.
Notes: This graph is based on SCP of the random genomic DNA sequenced
via the Sanger’s method. Graph A shows the proportion of Blast categories of
random genomic DNA of loblolly pine genome and graph B shows the
proportion of repetitive DNA, genes and unknown of loblolly pine genome. It
is based on the first graph that the repetitive DNA is deemed from transposon,
probable repeats, possible repeats, and rDNA, while genes is from EMC, and
unknown is from GSUC.
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GSUC are unknown sequences, which account for 80.62 %.The category of transposons
that accounted for at least 5.32% in the loblolly pine genome, the types of the transposons
are shown in Figure 2.6. This does not include what may be including in the unknown
category. It is possible that some sequences in the probable repeat category could be
transposons. The result showed that the majority of transposon of loblolly pine genome is
retrotransposons that accounted for 69.82% (Ty1-copia, Ty3-gypsy, Athila and
unidentified retrotransposons), while unidentified transposon accounted for 30.19 %.
Ty3-gypsy retrotransposons accounted for the highest percentage of the retrotransposons.
It was also observed that some sequences in the probable and possible repeats categories
match some cDNA from species such as loblolly pine, maritime pine, white spruce,
arabidopsis, etc. The repetitive DNA categories account for the majority of the genome.
The proportion of genes is account for less than the repetitive DNA and unknown
sequences. When matched using the TIGR database, typical genes hits were ABC
transporter, Ubiquitin-like protein, Ca channel subunit, GTP binding protein,
transcriptase regulator, peroxidase and others, while hits from cDNAs in EMC category
include cDNA from species such as loblolly pine, maritime pine, white spruce, sitka
spruce, arabidopsis, grape, maize, and others. The mean length and total sequences of all
nucleotide sources in this research are presented in Table 2.5. This table shows that there
are some differences in the mean length of sequence reads between 454 sequencing and
Sanger sequencing. The means of sequence reads from 454 sequencing is approximately
100 bp which is the limitation of this method, while the mean length from Sanger
sequencing was depended on the DNA preparation. In this research, the DNA from
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different sources gave the different mean lengths and the mean length had an effect on
classification. The shorter sequence lengths decrease the specificity of classification
(Chouvarine et al., 2008). The results from 454 sequencing yield a lot of DNA fragments
and covered more base pairs than Sanger sequencing, however, the short sequences may
not be used for genome mapping. In comparison, Sanger sequencing yields a better
specificity on classification than 454 sequencing. However, it required the laborious task
of creating a library of genomic fragments, requiring costly reagents, and was time
consuming. Recently, there has been a new improvement on 454 sequencing technology
which uses an instrument called genome sequencer FLX. With the use of this new
instrument sequence reads up to 200-300 bp can be achieved and more than 400,000
sequences can be processed in a single run (Patrick, 2007).
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Table 2.5 Mean lengths and total sequences of GS/SS, GS/4S, HR/4S, MR/SS, MR/4S,
SL/SS, SL/4S, and TS/4S.

GS/SS
Mean
length

876

Total
sequence

1,007

GS/4S HR/4S

102

97

275,038 216,921

MR/SS MR/4S

442
266

97

SL/SS SL/4S

213

206,402 2,328

93

TS/4S

101

102,708 215,387

Notes: The GS/SS, MR/SS, and SL/SS were sequenced via Sanger sequencing method.
The GS/4S, HR/4S, MR/4S, SL/4S, and TS/SS were sequenced via 454
sequencing.
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In order to study the sequence homology and distribution of three complete
sequences of retrotransposons; Gymny, IFG7, and PpRT1, which generally found in plant
genomes, we have blasted against each loblolly pine DNA sequence batches using the
cutoff value of bit score at 40 (Table 2.6). The results showed that all three
retrotranposons sequences were found in all loblolly pine DNA batches. The inclinations
of percentages of hit are similar, which showed the highest percentage of hits in
moderately repetitive DNA and followed by highly repetitive DNA in all 3
retrotranposons. These results indicated that retrotransposons are the majority part of
highly and moderately repetitive DNA sequences that can be screened using Cot filtration
technique. The IFG7 and PpRT1 were found in moderately repetitive sequence
component of the random genomic DNA sequence via 454 sequencing (MR/SS) and
amount up to 7.61%.
The percentage of Gymny, IFG7, and PpRT1 were used to estimate the copy number
found in the loblolly pine genome which are 45,793, 126,830, and 126,213 respectively
(Table 2.7). The copy number of IFG7 is very similar to those of PpRT1. This is because
they have very similar structure and probably derived from each other during evolution.
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Table 2.6 Summary of BLAST results of Gymny, IFG7, and PpRT1
retrotransposons against loblolly pine sequence batches.

Query

Sequence Batch
Name

Gymny

IFG7

PpRT1

GS/4S
HR/4S
MR/4S
SL/4S
TS/4S
GS/SS
MR/SS
SL/SS
GS/4S
HR/4S
MR/4S
SL/4S
TS/4S
GS/SS
MR/SS
SL/SS
GS/4S
HR/4S
MR/4S
SL/4S
TS/4S
GS/SS
MR/SS
SL/SS

No. seq.

275,038
216,921
206,402
102,708
215,387
1,007
266
2,328
275,038
216,921
206,402
102,708
215,387
1,007
266
2,328
275,038
216,921
206,402
102,708
215,387
1,007
266
2,328

Hits

Range of
Bit score

No.

%

1,111
1,398
1,377
245
390
13
9
17
6,572
11,646
15,720
2,705
2,755
35
6
71
6,404
11,419
15,348
2,651
2,700
35
6
89

0.4039
0.6445
0.6671
0.2385
0.1811
1.2910
3.38347
0.7302
2.3895
5.3688
7.6162
2.6337
1.2791
3.4757
2.25567
3.04987
2.32847
5.26417
7.4360
2.5811
1.2536
3.4757
2.25567
3.82307
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40 to 188
40 to 216
40 to 196
40 to 160
40 to 210
40 to 1,033
40 to 186
40 to 332
40 to 218
40 to 218
40 to 220
40 to 218
40 to 218
40 to 999
40 to 666
40 to 529
40 to 226
40 to 224
40 to 218
40 to 218
40 to 222
40 to 1,179
40 to 714
40 to 492

Range of Evalue

0.088 to 2e-46
0.66 to 6e-55
0.063 to 6e-49
0.030 to 2e-38
0.068 to 4e-53
8e-04 to 0.0
1e-04 to 4e48
0.002 to 2e-91
0.11 to 2e-55
0.083 to 2e-55
0.079 to 4e-56
0.038 to 7e-56
0.087 to 2e-55
3e-07 to 0.0
1e-17 to 0.0
6e-04 to e-151
0.11 to 9e-58
0.083 to 3e-57
0.079 to 2e-55
0.038 to 7e-56
0.087 to 1e-56
7e-11 to 0.0
1e-17 to 0.0
6e-04 to e-139

Table 2.7 The copy number estimates of Gymny, IFG7, and PpRT1 retrotransposons
in loblolly pine genome.

Retrotransposons

Copy number

Gymny

45,793

IFG7

126,830

PpRT1

126,213

Notes: The copy number is based on the estimate that 1.29, 3.47, and 3.47% of hits is
composed of gymny, IFG7, and PpRT1 retrotransposons found in random
genomic DNA(GS/SS) in Table 2.6 and the sequence length are 6113, 5937,
and 5966 base long, respectively.

58

The sequence information were used for further analysis using contig assembly
program; PHRAP. The table showed the results of contig assembly between each
sequence batches and markers (or groups) in number of contigs, contig length, and
number of sequences (Table 2.8). The results showed that the contig assembly using
markers; IFG7, PS2, Gymny resulted in small number of contigs than assemble with no
marker and with other sequence batches. This indicated that the sequence assembly using
markers which possibly found in the genome of interest can be used to compare and
navigate the contigs. These contigs can be used to originate a contig map which can be
used in genome mapping. The contig assembly with IFG7 showed only 7 contigs. All of
the contig length are large contigs between 1001-10,000 base and the number of
sequences of the contigs are start from 100 to >1000 sequences.
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Table 2.8 Summary of contigs assembled from loblolly pine sequence batches.

Batches Markers (group)

Contig Contig length (base)
Sequence #
#
500 501- 1001- 100 101- >1000
1,000 10,000
1,000

No markera
IFG7
PpTR1
PS2b
Gymny
Gymny-40c
GS/SS
HR &MR/SS
PpRT1
HR/4S No markera
MR/4S
MR/4S No markera
PS2
SL/4S
No markera
TS/4S
TS/4S, PGd
TS/4S
No markera
GS, HR, MR, SL
&TS/4S_chloroe

28476
7
46
14
19
53
32554
52936
46
21954
29599
15314
13
11368
30515
1
19385
386

GS/4S

Notes:

27995
30
1
18
52
31438
50648
30
21274
28027
14501
2
11296
30267
19249
279

a

364
8
3
764
1476
8
502
1064
562
4
62
196
113
63

117
7
8
10
1
1
352
812
8
178
508
251
7
10
52
1
23
44

28368
2
40
2
18
52
32470
52042
40
21755
28991
15029
3
11345
30451
19363
369

107
3
4
11
1
1
83
884
4
197
602
283
6
23
62
1
22
17

1
2
1
1
10
2
6
2
4
2
1
-

No marker means the contigs assembled from the sequences within that
batch.
b
PS2 is a group of sequences of interests consisting of 18 sequences; 16 are
from Pinus and Picea and 2 are from Bartonella and Candidatus bacterium .
c The contigs assembled from the hits with the cutoff value of the biscore at 40.
The rest of batches used the cutoff value at 60.
d
PG is Pinus sylvestris GapCp1 gene sequence (Meyer-Gauen et al., 1994).
e
The batches are came from the hits on chloroplast DNA.
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The contigs were used for retrotransposon finding using LTR_STRUC program. The
results showed that non-autonomous retrotransposon are found only from the contigs
assembled from highly repetitive, moderately repetitive, and random genomic DNA
components via 454 sequencing (Figure 2.7). The figure showed the non-autonomous
retrotransposon structure and its 1533 bp sequences. In the sequences, the program
detected 5’ and 3’ flanking sequences (black letters) at the end, of the non-autonomous
retrotransposon sequence, two long terminal repeats (LTR) (purple letters), 2 polypurine
tracts (in the red brackets) located in both LTRs, and a primer binding site (PBS; green
letters). The program also detected the open reading frames which do not display in the
figure. The non-autonomous retrotransposon later was used to blastn against all sequence
databases and against only virus genomes. There were only two significant hits with viral
protein sequences from all database, which are nucleopolyhedrovirus calyx polyhedron
envelope protein; Pxorf23 gene (partial sequence) at the 5’ and 3’ LTR regions and the
ring finger domain viral protein, putative E3 ubiquitin ligase, some member (Pxorf22
gene) at the middle of the non-autonomous retrotransposon. The hit results from only
viral database showed the similarity to those found in retrovirus with partial sequnces of
env and pol gene. The structure of the non-autonomous retrotransposon showed in Figure
2.7 indicates the area and proportion found in the sequence. The structure also showed
the retroviral TATA box (red letter, bar) with was detected by Motif Finder program.
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Polypurine tract
Retroviral TATA box
Primer binding site

5’ Flank

5’ –GGGTT…

AGGTTAGGTT
GGTATGGGTT
TAATAAACAC
AGGGTTTAGG
GGTTAAGGTG
AATAAAAATT
TATGGGTTAG
TGTTTAATAA
TAGGGTTAGG
GTTTAGTGTA
TGTTTTAATA
AGGGTTTAAG
TTTAGGGTTT
TCATAAAATG
TTAGGGTTTA
GTTTATAACA
TAAATGTCAT
GTTATGGGGT
ATTTAGTAAA
CATAAAA]TGA
TGTATGGGGT
TAATAAACAC
GGTTTTAGGG
TGTTGGATTT
TTACAAAACA

Figure 2.7

3’ Flank

….AGGT -3’

Env (partial)

1
61
121
181
241
301
361
421
481
541
601
661
721
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501

Polypurine tract

GGGTTAGGTT
TACGGTTAAG
TTAAATAAAA
GTGTTTAGGG
TTGGACTTAG
AC[AAAACACT
GTATGGGTTA
ACACTTAAAT
TTTAGGGGTT
TGGGTTAGGG
AACACTTAAA
GTTTAGGGTT
AGGGTTTAGG
ATTAGGGTTA
GGGTTTAGGG
CTTTAGTAAA
AAAGTGATTA
ATGGGGTTAG
TTGTTTAATA
TTAGGTTAGG
TTAGGTTAAG
TTAAATAAAA
TTTAGTAGGG
AGCGTTTATA
CTTTTAAATG

Pol (partial)

GGTTAGGGT
GTGTTGGATT
TTACAAACAC
TTTAGGGTAT
CGTTTATAAC
TTTTAAAATG
GGTTAAGGTG
AAAAAATTAC
AGGTTAGGTT
TTAAGGCGTT
CAAAATTACA
TAGGGTTTAG
ATAACACCTA
AGGGTTTAGG
TTTAGGGTAT
TTGTTTTAAT
GGTTTAAGGT
GGTATGGGTT
AACACTTAAA
TTAGGGTTTA
GTGTTGGATT
TTACAAACAC
TTTAGGGTTT
ACAATTTAGT
TTATAAAATG

5’GGGTTT
TAGGGTTAGG
TAGCATTTAT
TTTTAAAATG
GGGGTTTAGG
AATTTAGTAA
TCATAAAA]TG
TTGGATTAGC
AAAACACTTT
AGGTTAGGTT
GGACTTAGCG
AAACACTTTT
GGTTTAGGGT
AATAAAAATT
GTTTAGGGAT
GGGGTTTAGG
AAGCACTTAA
TAAGGTTAGG
AGGTTAAGGT
TAAAAAATTA
GGTTAGGTTA
TAGCGTTTAT
TTTTAAATGT
AGGGTTTAGG
AAATTGATTT
CTTAGGGTTT

AGGGTTTAGG
GTTTAGGGTT
ATTTAGGGTT
TAGGGTTTAG
AACAATTTAG
TAAATTGTTT
TCATAAAATG
ATTAGGGTTT
GGTTAGGGTA
TGGGGTTTAG
ATTGCTTTAA
TAAACAATTA
ATAGGTTAGG
TTAGGTTAGG
GTTATAACAA
TTTAGTAAAT
TTAAAATGTC
ATAAAGTGAT
TAGGTTAGGT
TTAGGTTAGG
TTTATAACAA
TTTAGTAAAT
TAAAATGTCA
CAAAATGATT
TTAGGGTTTA
GGGTTTAGGG
ACATAACACT
CAATAAAATG
TAGGGTTTAG
GGTTTAGGGT
GTTAAGGTGT
TGGATTTAGC
ATGAAAGTTA
CAAACACTTT
TAGGGTTAGG
TTACGGTTAG
GTTGGATTAG
CGTTATAACA
CAAAA [CACTT
TTTAAAATGT
GGGTTTAGGG
TTTAGGTTAG
AATAATTTAG
TAAATTGATT
CATAAAATGA
TTAGGGTTTA
TATGGGGTTT
AGGGTTAAGG
AATAAACACT
TAAATAAAAA
AAGGTTTAGG
GTTTAGGGT3’

The non-autonomous retrotransposon found from the contig analysis using
LTR_STRUC, a retrotransposon finding program.
Notes: The non-autonomous retrotransposon was from the analysis of the
contig with 11,391 bp in length with the cut-off value score of 0.31. The
non-autonomous retrotransposon composed of 1533bp in length, length of
longest ORF of 20, length of non-autonomous 5’LTR of 343bp, length of
non-autonomous 3’LTR of 326bp, and LTR pair homology of 83.3%. The
dinucleotide found is AG/TT, and the direct repeat is AGGGTT/AGGGTT.
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Figure 2.8

The characteristic of the contig assembled from HR, MR and GS DNA
sequenced via 454 sequencing which the non-autonomous retrotransposon
was found.
Notes: Above, the red dashes represent repetitive sequences, and gray
dashes represent unidentified sequences.
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DISCUSSION
The characterization of the genome structure of loblolly pine using Cot analysis
and Cot based cloning and sequencing techniques (CBCS). The MR and SL of Cot
fractions and the random genomic DNA and were cloned into E. coli and sequenced by
Sanger’s method, while the DNA sequenced via 454 sequencing was taken directly from
the different Cot fractions (HR, MR, and SL) and the random genomic DNA. We also
used the genome size information to calculate the Cot point and produced TS DNA which
was sequenced by 454 sequencing. The Cot analysis and Cot-based cloning and
sequencing have permitted us to efficiently characterize the repetitive nature and genomic
structure of the undescribed genome of loblolly pine. This new data represents a
significant step toward better understanding of the genome structure and provides a
foundation for further study of loblolly pine molecular genetics. The information revealed
in this study may facilitate genetically based strategies for cultivar improvement.
The melting temperature analysis has shown that the GC content of loblolly pine
nuclear DNA is 41.7%. This estimate falls within the range of 27-46% as reported for
bald cypress, one of gymnosperm (in chapter III). The loblolly pine has a large genome
size which is a characteristic shared among most of species in the same genera. Our
estimate of the haploid loblolly pine genome size based on Cot analysis is in close
agreement with previous estimate (21.7 Gb) done by flow cytometric analysis and
feulgen spectrophotometry (O’Brien et al., 1996; Wakamiya et al., 1993). The Cot
analysis shows the proportion of DNA in the different repetitive classes. Our study
revealed that the loblolly pine genome is composed of three components: 57% highly
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repetitive, 24% moderately repetitive and 10% single/low copy. The large amount of
repetitive components may explain the reason why loblolly pine possesses a large
genome. Our results are relatively close to the previous study in four conifers which
showed that about 70-80% of the genome consisted of repetitive sequences and 20-30%
unique sequences (Rake et al., 1980). The previous Cot analysis of four conifers; Pinus
lambertiana, P. resinosa, P. banksiana, and Picea glauca, found that the SL fractions of
these species are 20.9, 28.1, 22.4 and 31.7 respectively (Rake et al., 1980), and their
genome size are 28.96 (Wakamiya et al., 1993), 22.88, 16.86, and 19.80 Mb (Ohri and
Khoshoo, 1986), respectively. Loblolly pine has lower SL fraction, even though the
genome sizes are not much different. In comparison to Pinus strobus which has a larger
genome size of 28 Gb (Wakamiya et al., 1993), the Cot analysis results showed that P.
strobus genome is composed of four components; 14% HR, 45% MR, 20% low
repetitive, and 14% single copy component (Elsik and Williams, 2000). If we add the
repetitive sequences of HR, MR and low repetitive together it will be approximately 86%
in P. strobus and 90% in P. taeda which is not much different.
In comparison, bald cypress (Taxodium distichum (L.) Rich. var. distichum), that
has a smaller genome size of 9.7 Gb (Hizumi et al., 2001), the Cot fractions of bald
cypress composed of three components; 52% HR, 38% MR, and 4% SL (see chapter 3).
Loblolly pine has higher percentage of SL component. We noticed that the larger genome
size organisms tend to have higher percentage of SL. It may indicate that there is more
variable of the DNA sequences when the genome size is larger. However, the Cot
components of Sorghum which has a much smaller genome size of around 700 Mb
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(Laurie and Bennett, 1985; Arumuganathan and Earle, 1991) and is composed of 3 Cot
components (HR, MR, and SL) has a 24% SL (Peterson et al., 2002). This result possibly
indicates that when the genome size is small, the proportion of SL will be higher. This
idea can be explained that by assuming all plants are similar in terms of gene
characteristic and basic functions, they contain similar number of genes, which in term
occupy similar genomic space. The large amount of the repetitive components indicates
that loblolly pine genome is composed mainly of repetitive sequences. Furthermore, our
results show that single/low copy and theoretical low copy consisted of at least 26-44%
of repetitive sequences indicating that the real percentage of gene sequence can be very
small. This result is supported by a previous estimate of very unique sequences of
gymnosperm, which was less than 1% (Kriebel, 1985).
The sequence analysis results have also shown that loblolly pine genome consists
of a lot of repetitive sequences which supports the Cot analysis results. Except that the
lack of sequence data of pine and other gymnosperms in the existing database yielded a
huge amount of unknown sequences. For this initial analysis, it was assumed that at least
90% of the unknown were repetitive sequence. Approximately 2.71% of random pine
genomic sequences show primary homology to ESTs, suggesting that pine contains large
gene families or numerous transcribed pseudogenes. Even though, this number is
significantly low

compared with 26% sorghum (only ESTs of single/low copy DNA)

(Peterson et al., 2002), 25% of rice (Yamamoto and Sasaki, 1997) and 20-23% of maize
(Yuan et al., 2003), the amount of ESTs is relatively high when we count consider the
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whole genome. It accommodates up to 580 Mb which is over three times larger than
Arabidopsis genome.
Even though the sequence analysis showed a large amount of unknowns and the
sequence length had an effect on Sanger sequencing, it was evident that the Cot screening
for gene-enrished single/low copy is seen in the SL component of both 454 sequencing
and Sanger sequencing. It has a higher percentage of EMC than HR and MR components.
While the HR and MR components contain more of the repetitive sequences than SL.
These results were supported by the previous report (Peterson et al., 2002). The 454
sequencing yielded the mean length of approximately 100 base pair, while Sanger
sequencing yield different mean lengths that depended on the preparation. The shorter
lengths from 454 sequencing yield higher unknown and lower hits in all categories.
However, the efficiency of 454 sequencing can be very appealing, compared with the
reduced cost of sequencing and ease of preparation of DNA. However, the length of
sequences from 454 sequencing is relatively short for gene detection which generally
takes up to 2-4 Kb (Arabidopsis genome Initiative, 2000). The results of sequence
analysis of theoretical low copy component also showed that it is possible to obtain
single/low copy sequence by the calculation of k of single/low copy component (1/Cot ½)
from an organisms genome size, E. coli genome size, and k of E. coli in cases, when we
know the genome size but the Cot curve of that organism has not been reported.
One significant fraction of the genome is transposons. Transposons are sequence
of DNA that can transpose from one location to another within the genome. They causes
DNA shuffling and change the amount of DNA, and effect of their transposition involve
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in mutation and genetic evolution. Our sequence characterization of random genomic
DNA showed that the loblolly pine genome consisted of approximately 5% transposon.
The transposons are consisted mainly of Ty1-copia-like and Ty3-gypsy likeretrotransposons. Retrotransposon is a subclass of transposons which possesses the mode
of transposition through an RNA intermediate. They consist of 2 sub-types, the long
terminal repeat (LTR) and non-LTR retrotransposons. Ty1-copia-like and Ty3-gypsy-like
retrotransposons are subclasses of LTR retrotransposons. This percentage of transposons
in loblolly pine genome is lower than previous estimates by 50% (SanMiguel et al., 1996;
Heslop-Harrison et al., 1997). However, the studu analysis showed that a large amount of
unknown is present in the pine genome suggesting that loblolly pine transposons may
have very unique and highly conserved motifs. This hypothesis supported by the finding
that the transposon hits are of Pinus species and related genera. The identification of
three retrotransposons by sequence analysis (IFG7, PpRT1, and Gymny) showed that
loblolly pine genome consists of a large portion of retrotransposons specifically in the
moderately and highly repetitive sequence components. The IFG7 retrotransposon posses
the sequence features associated with gypsy-like retrotransposons, and its complete
sequence was isolated from Pinus radiata with a length of 5,937 bp (Kossack and
Kinlaw, 1999). While, PpRT1 retrotransposon complete sequence isolated from Pinus
pinaster with 5,966 bp long, is closely related to IFG7 retrotransposons with only 5.4%
sequence divergence between them (Rocheta et al., 2007). The Gymny retrotransposon or
gymny retrotransposn (6, 113 bp) was isolate from Pinus taeda. My studies supports the
previous studies of the presence of the highly amplified and conserved of Ty1-copia
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(TPE1) (Kamm et al., 1996), and Ty3-gypsy retroelement (IFG) (Kossack and Kinlaw,
1999) in all Pinus species and some species of related genera. For this initial analysis, it
is assumed that majority of the unknown were transposons and these transposons can be
found abundantly across genera and may have played an important role in genome size
amplification and evolution of gymnosperms. The contig assembly showed that IFG7,
PpRt1, and Gymny retrotransposon constitute a large copy number in the loblolly pine
genome. The non-autonomous retrotransposon found from contig analysis indicates that
loblolly pine genome contains non-autonomous retrotransposon, the retrotransposon
which contains only partial retroviral genes. These non-autonomous retrotransposons
diverted from retrovirus genome during long evolution time and possibly play an
important role in genome expansion of conifers.
One significant class of repetitive DNA is rDNA. The rDNA tandemly arranged
in the genome are found clustered on the nucleolus-organizing regions (NOR) of the
chromosome (Flavell, 1986). My study has shown that the loblolly pine genome is
composed of less than 1% rDNA. The number is lower than 6.86% of bald cypress and
1.8-8.7% of sorghum (Peterson et al., 2002). These rDNA hits the sequences i.e. 5S, 28S,
26S, 18S, 25S ribosomal RNA genes and are highly conserved, which are in agreement
with previous studies (Flavell, 1986).
Cot analysis, Cot based cloning and sequencing, and sequence analysis of loblolly
pine in this study showed extensive information on the structure of the genome that
provided genome size, GC content, amount of repetitive and single/low copy DNA, DNA
characterization profile of loblolly pine. The results from this study can be applied to
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future studies in genome mapping and whole genome sequencing. In addition, efforts on
genetic improvements and evolutionary tree analysis may also have benefits from these
results.
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CHAPTER 3
STRUCTURE OF THE BALD CYPRESS GENOME

INTRODUCTION
In this paper, we convey a Cot curve to show the genome complexity of bald
cypress using the method of Cot analysis described in Peterson et al. (1998). The genome
size of bald cypress was estimated based on the Cot curve. The HR sequences were
fractionated, cloned into E. coli, and sequenced using the Cot Based Cloning and
Sequencing (CBCS) technique described in Peterson et al. (2002). These analyses
provided a framework of genome characterization of bald cypress which can be very
useful for comparative genomic study with loblolly pine. We also produced HR DNA
sequences that can be used as molecular markers for further genomic studies.

MATERIALSANDMETHODS

PlantMaterialsandGenomicDNAIsolation
Young fresh leaves of bald cypress (Taxodium distichum (L.) Rich. var.
distichum) were collected from a tree on the Mississippi State University campus.
Genomic DNA isolation was performed as described in CHAPTER 2.
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DNAShearingandSizeDetermination

The 300-1000 ug DNA solution was diluted with water to a total volume of 10 ml.
The DNA was sheared using Misonix Sonicator 3000 which had the process time 3:30
min, pulse on 30 sec, pulse off 1 min, and power output 2 min, with mean length 400-450
bp, as determined by 1% w/v agarose gel electrophoresis.

DNAPurification

1. Removal of Metal Ions
The sheared DNA was cleaned to remove metal ions using Chelex column. The
column was prepared using 2-ml syringe with glass wool plug as the filter and loaded
with chelex (50-100 mesh) 1-2 ml, washed with 3 M sodium acetate (aqueous) followed
by 0.06 M sodium acetate. After that the DNA was loaded into the column to let the
metal ions bind to chelex and washed out the DNA was washed out with 1-2 ml 0.06 M
sodium acetate.

2. Sample Purification Using Hydroxyapatite Chromatography
The hydroxyapatite was boiled in 0.5 M sodium phosphate buffer (SPB) for 10
minutes and loaded into 2-ml syringe which had glass wool plug as the filter. This HAP
column was connected to the cuvette for the spectrophotometer and a pump using plastic
tubes. The 0.3 M SPB was used to blank the column which can be measured by
spectrophotometer. When the column was ready, the DNA was loaded into the column; a
1 ml HAP column has the capacity to bind about 100 ul DNA. After loading of DNA into
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the column, the 0.12 M SPB was loaded to wash the single stranded (ssDNA). After that
0.5 M SPB was used to wash out the double stranded DNA. The DNA was collected at
the end of the plastic tube. While running, the column was maintained at 60°C using a
hollow glass column connected to a water bath. The buffer solution also was maintained
at 60°C using a water bath.

CotAnalysis
DNA isolation, preparation, and melting analyses were performed as described
(Peterson et. al. 1998). Cot analysis was performed according to Peterson et al. (1998,
2002)

1. Melting Curve Analysis
The melting curve analysis was performed using spectrophotometer with mode:
thermal denaturation. The three melting temperatures of DNA in 0.03, 0.12 and 0.5 M
SPB were recorded for DNA reassociation temperature or criterion determination
(melting point-25°C) at 51°C, 59°C and 67°C respectively.

2. DNA Preparation for Cot Curve Construction
The cleaned DNA was prepared to obtain the preferred concentration by using
Millipore Amicon Centriplus YM-30 column using 0.03 M Sodium phosphate buffer
(SPB) for low Cot point, 0.12 M SPB for medium Cot point, and 0.5 M SPB for high Cot
point. The 100 ug of DNA was used in each Cot point was loaded into microfuge tubes or
micro capillary tubes which closed both end with flame heat.
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3. DNA Reassociation and HAP Chromatography
For Cot curve construction, the DNA was denatured at 100 °C for 10 minutes and
allowed to reassociation at the criterion temperature for each buffer solution (51°C, 59°C
, 67°C for 0.03, 0.12, and 0.5 M SPB respectively). The reassociation time was calculated
according to the formula as the following. Reassociation time in seconds = Cot /
nucleotide concentration (mol/L). The Cot point analysis was conducted from Cot 0.0001
to Cot 500,000 for total 34 Cot points. After reassociation the ssDNA was fractionated
from double stranded DNA (dsDNA) through HAP chromatography by eluting with 0.12
M SPB, and was colleted.

4. Cot Curve Analysis
The Cot points were analyzed for construction of Cot curve using the program
CotQuest which generated a least squares nonlinear regression fit for the data and outputs
biologically-relevant data including the number of component in the curves, the Cot½ of
each component, the reassociation rate (k) of each component, and the kinetic complexity
of each component.

HighlyRepetitiveDNALibraryConstruction
HR Cot library was generated from isolated Cot component according to Peterson
et al. (2002) except that we use Cot 6.03 to fractionate highly repetitive, fold back DNA
from moderately repetitive, and single/low copy sequences.
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DNASequencingandSequenceAnalysis

Plasmid DNA was extracted from the highly repetitive clones using
AutoGenprep960 and was sequenced using ABI 3700 automated DNA analyzer and the
total of 743 bald cypress (Taxodium distichum L. Rich. var. distichum) highly repetitive
sequences were analyzed using Basic Local Alignment Search Tool (BLAST) program
against conifers and Arabidopsis thaliana EMC (EST/mRNA/cDNA) sequences, repeat
and organellar sequences. The conifer sequence database were downloaded from
ConiferGDB (http://conifergdb.org/coniferest/terminusList.php) and the Arabidopsis
sequences were downloaded from TAIR (http:// arabidopsis.org/help/helppages/BLAST_
helpjsp#database); dataset TAIR7 Genes (+introns+UTRs). The transposon, rDNA,
centromere, chloroplast and mitochondria sequences were downloaded and extracted
from NCBI database. The sequence analysis was based on an automated sequence read
classification pipeline (SRCP) as described (Chouvarine, 2008) except we use conifers
and Arabidopsis thaliana EMC sequences instead of the EMC sequence database from
the NCBI and The Institute for Genome Research (TIGR) Gene Index FTP database.

RESULTS

MeltingTemperaturesandGCContentofBaldCypressDNA
Melting curves were generated for sheared bald cypress DNA in 0.03, 0.12, and
0.5 M sodium phosphate buffer (SPB), and melting temperatures (Tm) for DNA in each
buffer are 67.1, 85.0, and 93.0 °C respectively. The GC content of the DNA was
calculated base on Mandel and Murmur (1968) using the spectrophotometer.
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Consequently, the bald cypress DNA samples in 0.03 M SPB and 0.12 M SPB result in
%GC estimates of 26.77% and 45.97% respectively. The average of these two values is
36.37% (Figure 3.1).
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(A)

(B)

(C)

Figure 3.1 Melting curves of bald cypress DNA.
Notes: The melting curves of bald cypress DNA in 0.03 M SPB (A), 0.12 M
SPB (B), and 0.5 M SPB (C) are shown above with the melting temperature
of 67.1, 85.0, and 93.0 °C respectively.
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CotAnalysis

The Cot curve of bald cypress was analyzed using the program CotQuest and is
showed in Figure 3.2. Cot analysis results revealed that the bald cypress genome can be
characterized into 3 components based on DNA renaturation kinetics: 52.42% highly
repetitive, 38.12% moderately repetitive, and 4.21% single/low copy.
The Cot data was used to compute the descriptive statistics for HR, MR, and SL
fractions of the bald cypress genome. The Cot component, percentage of fraction, kinetic
complexity, the reassociation rate (k), Cot½ value, and the number of copies are
presented in Table 3.1. In diploid organisms, the slowest reassociating component of a
Cot curve generally represents single-copy DNA sequences. In such cases, genome size
can be estimated by comparing the k value of the slow reassociating component to E.
coli’s rate constant (k=0.22 M-1.sec-1) and DNA content (Zimmerman and Goldberg,
1977). The genome of E. coli (strain K12 substrain MG1655) is 4,639,221 bp (Blattner et
al., 1997). Assuming that bald cypress slow reassociating component (k= 0.000105 M1

.sec-1) is composed of single-copy DNA, the estimated 1C genome size of bald cypress

would be G = (4,639,221 bp × 0.22 M-1.sec-1) ÷0.000105 M-1.sec-1= 9,720,272,571bp or
approximately 9.72 Gb. This value is in agreement to the previous reported values based
on Feulgen densitometry (9.75 Gb) (Hizumi et al., 2001). Consequently, it is likely that
the slow reassociating component is primarily single-copy DNA, and thus we refer to it
as the single/low copy (SL) component. Assuming that the SL component has a repetition
frequency of 1, the average repetition frequency of the DNA in other components can be
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estimated by dividing their k values by the k value of SL component (Hood et al., 1975).
The predicted repetition frequencies of sequences in the fast reassociation component and
in the intermediate reassociating component are 1741.9 (from 0.1829/ 0.000105) and 35
(from 0.00368/0.000105, respectively. In light of their relative repetitiveness, the fast and
intermediate reassociating components are hereafter referred to as the highly repetitive
(HR) and moderately repetitive (MR) component. The number of highly repetitive,
moderately repetitive, and single/low copies are 1742, 35, and 1, respectively.
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Highly repetitive
Cot½ = 5.47 M*s
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SqCx = 2.91 Mb
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Moderately repetitive
Cot½ = 271.74 M*s
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Cot½ = 9523.81 M*s
Percent = 4.21
SqCx = 407 Mb
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Figure 3.2 Cot curve of bald cypress (Taxodium distichum (L.) Rich. var. distichum).
Notes: Black squares mark the position on the cot curve of the Cot½ for
HR, MR and SL components. The brackets centered of each Cot½ marker
show the Two Cot Decade Region (TCDR) which 80% of the sequences in
that component will renature (Britten and Davidson, 1985).
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Table 3.1

Cot components of bald cypress genome.

Fraction
(%)

Kinetic
Complexity
(KnCx)

k

Cot½

No. of copies
per 1C genome

HR

52.42

2.91 x 106

1.83 x 10-1

5.47

1,742

MR

38.12

1.05 x 108

3.68 x 10-3

271.74

35

SL

4.21

4.07 x 108

1.05 x 10-4

9,523.81

1

Cot
Component

Notes: The fraction of the genome, kinetic complexity (KnCx), k, Cot ½ values derived
from the least square analysis of the reassociation data. The unreassociated
fraction is 3.12 %. The number of copies per 1 C genome was calculated by using
k values in comparison to k value of single/low copy component as 1 copy.
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HighlyRepetitiveDNASequenceAnalysis
A total of 743 bald cypress highly repetitive sequence files with the mean length
of 308± 24.68 bp were classified into 10 categories; centromere, chloroplast,
mitochondria, rDNA, transposon, annotated repeats, probable repeats, possible repeats,
EMC (EST/mRNA/cDNA), and Genome Sequence of Unknown Character (GSUC)
(Figure 3.3). The results showed that the highest percentage of repetitive DNA consisted
mostly of GSUC or the genome sequence of unknown character (77.53%). This is
because there was very limited sequence information of bald cypress and other
gymnosperms in the database. The probable repeats and the rDNA are the next large
fractions of the genome with the percentage of 6.73 and 6.86%, respectively. We also see
some of organellar DNA of highly repetitive DNA sequence: chloroplast (7.27%) and
mitochondria (0.13%), but there are no hits in annotated repeats, and possible repeats. We
found only 0.81% of the EMC category which is possible gene sequences. We also
grouped the percentage of centromere DNA, rDNA, transposons, annotated repeats,
probable repeats, and possible repeats were grouped and classified them as repetitive
genomic DNA. These account for 14.26 % and they account for 15.41% of the genome
(not counting chloroplast and mitochondria DNA).
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Table 3.2 shows BLAST categories, subcategories, number of nucleotide and the
percentage and references/ accession number of the nucleotides that matched the bald
cypress HR DNA. From this data most of the highly repetitive DNA share homology to
gymnosperms like pines, ginkgo, fir, and cryptomeria. This is especially in the categories
of rDNA, transposon, and probable repeats including chloroplast. The highly repetitive
sequence component analysis showed that the rDNA component consists of 18S, 5S,
5.8S, and 17S rDNA and they account for approximately for 51%, 29%, 6%, 4% and 2%
of the genome, respectively. The analysis result also showed homology to
retrotransposons which are 75% copia- and 25% gypsy-like retrotransposons.
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Table 3.2

BLAST

BLAST-based categorization of HR Cot sequences.

subcategories

No.

%

Ref./Acc.

categories

-Sorghum bicolor specific element pHind22
-Pinus thunbergii chloroplast
-Pinus koriensis chloroplast
-Drimys granadensis chloroplast
-Nuphar advena chloroplast
-Morus indica chloroplast
-Platanus occidentalis chloroplast
Mitochondria -Triticum aetivum mitochondrion
-Oryza sativa mitochondrion
-Zea perennis mitochondrion
-Zea mays subsp. parriglumis mitochondrion
-Trisacum dactyloides mitochondrion
rDNA
-Ginko biloba 26S ribosomal RNA gene
-Cryptomeria japonica 18S ribosomal RNA gene
-Pinus luchensis 18S ribosomal RNA gene
-Sequoia sempervirens 28S ribosomal RNA gene
-Metasequoia glyptostroboides 5S ribosomal RNA
gene
-Pinus radiate 5S ribosomal RNA gene
Transposon -Ginko biloba copia-like retrotransposon reverse
transcriptase (RT) pseudogene
-Sequoiadendron giganteum copia-like
retroelement RT gene
-Abies veichii gypsy-like retrotransposon
-Picea glauca copia-like retrotransposon RT gene
No hit
Ann. repeats
Prob. repeats -Pinus taeda DNA sequences
No hit
Poss. repeats
EMC
-Arabidopsis thaliana unknown protein
-Thioredoxin reductase, putative/ NADPH-dependent
thioredoxin reductase
-EST from cDNA clone of Pinus taeda
-L-lactate dehydrogenase
-Aspatyl protease family protein
-Phosphate translocator-related
Unknown
GSUC
Total
sequences
Centromere
Chloroplast

85

1

0.13

54

7.27

1

0.13

51

6.86

4

0.54

AF078901
NC_001631
NC_004677
NC_008456
NC_008788
NC_008359
NC_008335
NC_007579
NC_007886
NC_008331
NC_008332
NC_008362
AY095475
D85304
D164446
U90701
M10432
Z33606
DQ054445
AJ290719

0

0

50

6.73

0

0

6

0.81

576

77.53

743

100

AJ002621
AF229252
Many refs.
AT3G04300.1
AT2G41680.1
EST1157592
AT4617260.1
AT2603200.1
AT5604160.1
Many refs.
-

DISCUSSION
Like most gymnosperms with large genome sizes, bald cypress has disadvantages
in genome analysis studies which include a relatively large nuclear genome and a long
generation time. Our results revealed bald cypress genome analysis using Cot analysis
and Cot-based cloning and sequencing of highly repetitive sequences. Cot analysis is a
useful means through which genomes can be characterized based upon the repetitiveness
of the genome. The structure of genome can be studied via this method. In Cot analysis,
we found that the preliminary curve (which let the program run freely without fixing any
parameters), this free fit curve showed the AICc value higher than the fixing parameter of
k3 calculated according to the previous estimated genome size. However, in comparison
of the analysis with k3 fixing varied k3 values according to the genome size (80, 90, 100,
110, 120, and 130% of genome size value). The analysis revealed that at the k3 value
calculated from 100% of genome size value show the best fit with best criterions
(criterions are AICc, A-square, and W-square values, including the convergence). Our
analysis suggests that the estimate of the genome size using Cot analysis cannot be
precisely measured due to the limitation of this method specifically with organisms with
a large genome size. However, from our data, the genome size of a haploid cell of bald
cypress is approximately 9.7 Gb which is 77.6 times larger than the smallest known plant
genome of Arabidopsis thaliana; with an initial estimate of 125 Mb (Arabidopsis
Genome Initiative, 2000). In comparison to other gymnosperms, bald cypress has a
genome 4.4 times smaller than the largest gymnosperm genome of Pinus lambertiana of
42.95 Gb, and 97 times larger than the smallest gymnosperm genome of Pinus koraiensis
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and Pinus rigida of 0.1 Gb (Murray, 1998). The lack of a direct relationship between
genome size and organism complexity from this information support the idea of C-value
paradox and the genome size can, to some degree, be attributed to repetitive DNA and
duplicated genome (polyploidy).
The Cot analysis study revealed that bald cypress genome is composed of three
components; 52% HR, 38% MR, and 4% SL. In comparison to loblolly pine genome with
21.7 Gb (O’Brien et al., 1996) which is composed of 57% HR, 24% MR, and 10% SL,
bald cypress has slightly SL and HR components, and a higher MR component. In
comparison to the previous study of Cot analysis of Pinus strobilus genome with 28 Gb
(Wakamiya et al., 1993) which is composed of 14% HR, 45% MR, 15% low repetitive,
14% SL components (Elsik and Williams, 2000), bald cypress has lower SL component.
This indicates that higher SL components in the larger genome may have more unique
single/low copy sequences. This can be caused by mutations during long generation time;
however, these DNA sequences have never been studied. On the contrary, this idea does
not agree with a much smaller genome size organism like Sorghum which has
approximately 700 Mb (Laurie and Bennett, 1985), but is composed of 24% SL (Peterson
et al., 2002). This may be explained as follows. Assuming all plants are composed of the
same basic genes that generally are found in SL components and they accommodate the
same genome space, so that the large and the small genome size organisms like sorghum
and bald cypress need equal amount of gene space of the genome. That is why sorghum
has higher percentage of SL component than bald cypress.
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In the same way, given that bald cypress and Arabidopsis are similar in term of
the basic function that characterizes a plant; bald cypress probably has about the same
number of genes as Arabidopsis (and probably most plants) of 25,498 genes and the
average gene or gene density takes up approximately 4 Kb (Arabidopsis Genome
Initiative, 2000). However, these bases also contain flanking sequences (1.3 Kb) and
intervening sequences or introns (2.7 Kb) that do not encode for protein products. This
idea is supported by Cot analysis showed 52.42% of the total genome of bald cypress
consists of highly repetitive DNA sequences and the fractionation of highly repetitive
component has no genes and ESTs (Expressed Sequence Tags). On this basis, there is a
capacity in bald cypress genome to accommodate up to 2 millions genes. However, most
plants contain approximately 25,000 genes, and these genes can accommodate only
approximately 0.1 Gb or 1% of bald cypress genome and leave 99% of the genome for
non-coding sequences, that are not introns but duplicated genes and/or pseudo genes. The
4% of SL component indicates that bald cypress genome may contain large multi gene
families that are evolutionary conserved and clustered within the genome. Furthermore,
the highly repetitive sequence analysis show only 0.81% of gene sequence and ESTs in
EMC category, indicating that bald cypress genome consists of a very large fraction of
repetitive sequences and can be fractionated via Cot screening. On the other hand,
assume that single/low copy DNA sequence components are present only once and
accommodated by 25,000 genes. The average gene density of bald cypress will be 16 Kb
or 4 times larger than the average of 4 Kb of most plants. In another way of calculation,
assume that gene density of bald cypress genome is similar to most plants. The bald
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cypress genome can accommodate up to 160,000 genes or 4 times larger than most
plants. However, this calculation is unlikely, in either way, the bald cypress has genes the
size of 16 Kb or 160,000 genes, which both leave room for explanation that bald cypress
genome contains a high percentage of non-coding DNA or junk DNA, large multi gene
families or duplicated genes including duplicated pseudo genes and it is possible that bald
cypress has a gene density lower than that of Arabidopsis with 4 Kb. Furthermore, the
DNA sequences that are present in only one copy may not exist in bald cypress genome
and other large genome size species.
One significant group is transposons; DNA transposons and retrotransposons,
which are classified according to their mode of transposition. The major class of
transposons in gymnosperms is retrotransposons. The retrotransposons use reverse
transcriptase to transpose DNA by means of RNA intermediate while it is not in DNA
transposons. It is believed that retrotransposons have played a crucial role in plant
genome evolution (Wessler et al., 1995). The retrotransposons class includes long
terminal repeat (LTR) which is divided into 2 groups, the gypsy- and copia-like
retrotransposons. These retrotransposons are the major component of gymnosperm
genome (Friesen et al., 2001). However, the percentage of transposon according to
sequence analysis of highly repetitive components from bald cypress is significantly
lower (0.54%) than those found in maize high cot DNA sequence analysis (38.1%) (Yuan
et al., 2003), and sorghum (15.4%) (Peterson et al., 2002). This suggests that bald cypress
transposons can be very unique and the majority of transposons are not detected via a
blast search with the existing transposon sequences. Specifically the amount of sequence
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information of the gymnosperm is considerably less compared to angiosperm, while no
whole genome sequencing of any gymnosperm has been done so far. This idea is
supported by our findings that the transposons classification in the bald cypress genome
revealed a good homology with retrotransposons of other gymnosperms. It suggests that
these sequences are reserved only among related species in all Pinus species and some
species of related genera, which was also supported by the highly amplified and
conserved of Ty1 copia retroelement (TPE1) (Kamm et al., 1996), and Ty3 gypsy (IFG)
(Kossack and Kinlaw, 1999).
Since the centromere DNA sequences of bald cypress share homology to sorghum
(pHind22), an angiosperm, it is suggested that the organization and arrangement of
repetitive DNA in centromere can be variable, and not highly conserved among related
species. The repetitive sequences of probable repeats and possible repeats are also similar
to transposons that are conserved in related species (i.e., Japanese cryptomeria, and
kinoki cypress).
Ribosomal RNA gene family is commonly found in plants and animals. It consists
of tandemly array repeats of 18S, 5.8S, and 28S structural genes (Long and Dawid,
1980).

In banana, ribosomal RNA genes have been the most abundant sequences

recovered (Valarik et al., 2002). In the bald cypress genome, rDNA contributes a
significant part of highly repetitive DNA sequence component of 6.86% of the genome
and are shown to be homologous with related species (i.e., 26S rRNA in Ginkgo and 18S
rRNA Japanese cryptomeria). Ribosomal genes represent one of the largest families of
repetitive sequences in eukaryotes and they are transcribed. Overall, the sequence
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analysis of highly repetitive sequences revealed rDNA, transposons, probable repeats,
possible repeats, and EMC (including the organelle chloroplast DNA) are often
conserved among related species, while centromere DNA (including mitochondria which
also not part of nuclear genome) are variable and are not highly conserved among related
species.
The study of Cot analysis and HR sequence characterization has expanded
genome structure and genomic information of the bald cypress genomics that is very
lagging compared to other species. It can be used for genome mapping, comparative
genomics research of related species, and the construction of the phylogenetic tree.
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CHAPTER 4
COMPARISON OF LOBLOLLY PINE
AND BALD CYPRESS GENOMES

Loblolly pine (Pinus taeda L.) and bald cypress (Taxodium distichum (L.) Rich.
var. distichum) are gymnosperms belonging to the same division and class of Pinophyto
and Pinopsida, respectively. The class Pinopsida is a diverse, ecologically, and
economically important group of the division Pinophyta. However, they are separated in
two different orders. Loblolly pine belongs to the order Pinales, while bald cypress
belongs to the order Cupressales (Judd, 1999). They posess similar characteristics shared
among conifers. Loblolly pine is the most important species in the forest industry
(Schultz, 1997), while bald cypress is one of the most widely grown trees in the southern
U.S (Wilhite and Toliver, 1990). The genomics of loblolly pine is more widely studied
than bald cypress; however, the key components for genetic improvement are still
lacking. Our study of both loblolly pine and bald cypress can be very useful for genomic
comparison and further study in near future.
The pines (Pinus spp.) have 24 chromosomes (2n =2x =24) comprising 12 pairs of
chromosomes (Dorman, 1976). Loblolly pine has a large genome size comprising 21.7
Gb (Wakayama et al., 1993; O’Brien et al., 1996). Bald cypress has 22 chromosomes (2n
=2x = 22) (Stebbins, 1948) comprising 9.75 Gb (Hizumi et al., 2001), which is 2
chromosomes smaller than loblolly pine. Both have the same ploidy level of 2. Based on
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Cot analysis, both organisms have 3 sequence components, which are 57, 23 and 10 % of
highly repetitive, moderately repetitive, and single/low copy components, respectively in
loblolly pine, and 52, 38, and 4% in bald cypress. The higher percentage of single/low
copy component of loblolly seems to indicate that loblolly pine genome contains more
unique DNA sequence than bald cypress. However, our sequence analysis results showed
that 25-35% of the single/low copy components are repetitive DNA and 64-74% is
unknown (Table 2.4). We compare the loblolly pine with bald cypress genomes based on
Cot analysis and the information from previous studies and are shown in the Table 4.1.
The evaluation of copy number using Cot analysis information shows that the
highly repetitive component of loblolly pine contains up to 25,500 copies, and the
moderately component contains only 14 copies. In comparison, bald cypress contains
only 1,742 copies of highly repetitive DNA, and 35 copies of moderately repetitive DNA.
This number of copies was estimated by assuming one copy in the single/low copy. The
result revealed that the genomes of both organisms have a high degree of repetitive DNA,
with loblolly pine having far more number of copies of highly repetitive than those of
bald cypress.
Comparison of the analysis of the random genomic DNA sequence of loblolly
pine against the analysis of the highly repetitive DNA sequence of bald cypress indicates
that bald cypress has higher percentage of centromere DNA and rDNA resulting from
Cot screening. This is because centromere and rDNA is repetitive DNA, and the rDNA
composed up to 7.41% in bald cypress.
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Table 4.1

Genome features of loblolly pine and bald cypress based on Cot analysis.

Genome features

General genome features
Genome size (Gb)
Chromosome number
Ploidy level

Genome features based on Cot analysis
GC content (%)
Number of Cot components
HR (% fraction, & number of copies)
MR (% fraction, & number of copies)
SL (% fraction, & number of copies)

Genome features based on sequence analysis
Centromere (%)
rDNA (%)
Transposons (%)
Probable and possible repeats (%)
EMC (%)

Notes:

a

Loblolly pine

Bald cypress

21.7
24
2

9.75
22
2

41.7
3
57.2, & 25,500
23.88, & 14
10.21, & 1

36.37
3
52.42, & 1742
38.12, & 35
4.21, & 1

at least 0a
at least 0.2a
at least 5.32a
at least 11.15a
at least 2.71a

at least 0.14b
at least 7.41b
at least 0.58b
at least 7.27b
at least 0.87b

These data are estimated from random genomic DNA sequence analysis
which contains unknown up to 80.62%
b
These data are estimated from the highly repetitive sequence which is not
random genomic DNA and contains 83.72% of unknown.
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However, loblolly pine has higher percentage of transposons, probable and
possible repeats, and EMC, which are 5.32, 11.15, and 2.71 % respectively. This
indicates that loblolly pine genome is rich in transposons and repeat sequences. We
identified a total of 68.81% of four types of retrotransposons and 30.19% of unidentified
transposons (Figure 2.6). The major transposon found in loblolly pine is gypsy-like
retrotransposon while most of transposons found in bald cypress are copia-like
retrotransposons.
The 2.71% of EMC or gene sequences indicates that loblolly pine contains large
gene families or numerous pseudogenes, and genes with contain a large portion of introns
resulting in higher length of gene density. While the highly repetitive component of bald
cypress composed of only 0.81% of EMC. The study indicates both loblolly pine and
bald cypress genome contain large portions of repetitive DNA and high copy number of
transposons.
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